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i 
ABSTRACT 
 
In the present thesis, performance characterisation of a novel non-imaging concentrator, 
a 3-D elliptical hyperboloid concentrator (EHC) for process heat applications (medium 
temperature) is investigated. In this investigation, optical and thermal characterisations 
are extensively carried out for the novel 3-D static concentrator. In the optical study, a 
2-D ray tracing simulation was carried out in MATLAB
®
 to predict the optical 
efficiency of the EHC. The 3-D ray tracing was also carried out in Optis
TM
 software to 
obtain the optical efficiency. Detailed flux distributions on the receiver are also 
analysed. 
 
Ray tracing and flux distributions were investigated for different solar incidence angle 
by varying the system parameters such as concentrator height, receiver diameters and 
concentration ratio. A parametric analysis of four different system configurations, (I) 
Elliptical Hyperboloid Concentrator (EHC), (ii) Circular Hyperboloid Concentrator 
(CHC), (iii) Elliptical Parabolic Concentrator (ECPC) and (IV) Circular Parabolic 
Concentrator (CCPC) were performed. Based on the parametric analysis it was found 
that the EHC gives better optical performance compared to other configurations. It was 
found that the EHC gives better optical performance than others. It was also found that 
for a wide range of acceptance angles (±30) the optimised concentration ratio of 20× 
resulted in an optimised optical efficiency of 28%. 
 
For thermal performance, separate indoor and outdoor characterisations were conducted 
to predict the receiver stagnation and fluid temperatures. In the indoor test, the 
performances of three different hyperboloid solar concentrators (EHC1, EHC2 and 
CHC) were investigated. The outdoor performance test was also carried out for a scaled-
up version of the developed prototype of the 3-D static elliptical hyperboloid 
concentrator system (EHC) of 20× concentration ratio. The tests were carried out at 
Chennai, INDIA to obtain the maximum stagnation temperature and daily performance 
of the EHC system. It was observed that a maximum temperature of 150°C is obtained 
as the stagnation temperature. In the daily performance test, the maximum fluid 
temperature of 90°C was observed. Thus, the developed 3-D static elliptical hyperboloid 
concentrator system can be effectively used for medium temperature applications. 
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CHAPTER 1: INTRODUCTION 
1.1 Background of Solar Concentrating Thermal Technologies 
Because of the energy crisis, the need to use alternative renewable energy sources such 
as solar and wind energy has gained lots of momentum in many developing countries. 
The research and development activities in solar energy include investigations into the 
feasibility of concentrating solar power and concentrating photovoltaic, as an alternative 
to existing conventional fossil fuels. There are three main reasons for using a solar 
concentrator: 
1. To increase the delivery temperature in order to achieve a thermodynamic match 
between temperature level and task. The task may be to operate thermionic, 
thermodynamic, or other higher temperature devices. 
2. To improve thermal efficiency by reducing the heat loss area relative to the 
receiver area. There would also be a reduction in transient effects, since the 
thermal mass is usually much smaller than that for a flat plate collector.  
3. To reduce cost of production by replacing an expensive receiver by a low cost 
reflecting or refracting area. 
 
Concentrating solar power converts solar radiation to thermal energy and then to 
electricity and concentrating photovoltaic directly converts solar radiation to electricity. 
Concentrating solar power is an effective way for the production of non-domestic hot 
water [1] improved steam cycles [2], electricity production [3], cooking and 
photovoltaic electricital applications [4, 5]. These days, the hot water production for 
process heat applications requires very high temperatures from 100°C to 200°C, which 
can be easily produced through solar concentrators. By decreasing the concentrating 
area from which heat losses occur, energy flux and temperatures can be increased. This 
area reduction is ensured by interposing an optical device between the radiation source 
and the energy absorbing surface or receiver. Technically, it is known as concentration 
ratios (i.e. the ratio of collector aperture area to absorber or receiver area, representing 
the factors of the radiation flux increase on the energy-absorbing surface). Normally, it 
can vary over several orders of magnitude and depends upon the imaging and non-
imaging solar systems. Imaging concentrators are preferred for achieving high 
concentration ratio. For low and medium concentration ratio, the non-imaging 
concentrators are generally used.  
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Imaging or non-imaging concentrators are in the form of reflectors or refractors, which 
may be continuous or segmented. Receivers in turn can be convex, flat, or concave and 
can be either covered or uncovered. Many tracking modes are possible. For imaging 
concentrators, tracking modes are required to track the sun continuously throughout the 
day. In non-imaging concentrators, a prescribed illumination pattern of radiation is 
produced on the receiver or flat surface, where heat is transferred to other fluid or 
object. In this type of concentrator, tracking systems are normally not used. Many 
designs of imaging and non-imaging concentrators were proposed for this purpose. The 
design of imaging or non-imaging concentrators and associated receivers is the main 
challenge in solar system design. This is because increasing the concentration ratio is 
equivalent to increasing temperatures at which energy can be delivered and thus 
increasing optical system requirements for precision in optical quality and their 
positioning. At the highest range of concentration (with correspondingly highest 
precision of optics), study of concentrating collectors materials properties are important. 
1.2 Concentrating Collector Configurations  
Radiation flux on receivers may be increased by many concentrators of various types. 
They‎can‎be‎reflectors‎or‎refractors,‎cylindrical‎to‎focus‎on‎a‎“line”‎or‎circular‎to‎focus‎
on‎a‎“point”.‎Receivers‎can‎be‎flat,‎concave,‎or‎convex.‎Figure ‎1.1 shows examples of 
six concentrator configurations. The first two (figure 1.1(a), (b)) are evacuated tubes 
arrays with cylindrical absorbers spaced apart, and back reflectors to direct radiation 
onto the area between the tubes to the absorbers. The first configuration uses a flat 
diffuse back reflector (figure 1.1 (a)), while the second uses a one-cusp-shaped specular 
reflector (figure1.1 (b)). The configuration shown in figure1.1 (c) has a plane receiver 
with plane reflectors at the edges to reflect additional radiation onto the receiver. The 
concentration ratios of this configuration type are low, with maximum value of less than 
4. Some of the diffuse components of radiation incident on the reflectors would be 
absorbed at the receiver. These collectors can be viewed as flat-plates with augmented 
radiation. Figure ‎1.1 (d) shows a parabolic shaped reflector, which could have a 
cylindrical surface (with a tubular receiver) or a surface of revolution (with a spherical 
or hemispherical receiver). Cylindrical collectors of this type have been studied in some 
detail and are being applied [6]. The continuous parabolic reflector can be replaced by a 
Fresnel reflector, a set of flat reflectors on a moving array as shown in figure 1.1 (e), or 
by its refracting equivalent. The facets of the reflector can also be individually mounted 
and adjusted in position as shown in figure 1.1 (f). Large arrays of heliostats of this 
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type, with receivers mounted on a tower, are the basis of‎designs‎of‎“central‎receiver”‎
collectors. For the concentrators shown on figure 1.1 (c)-(f), single-sided flat receivers 
may‎be‎used‎(if‎the‎receiver‎is‎not‎“inside”‎of‎the‎reflector).‎Cylindrical,‎hemispherical,‎
or other convex shapes and cavity receivers may also be possible.  
 
 
Figure ‎1.1: Possible Concentrating Collector Configurations: (a) Tubular Absorbers 
with Diffuse Back Reflector; (b) Tubular Absorbers with Specular Cusp Reflectors; (c) 
Plane Receiver with Plane Reflectors; (d) Parabolic Concentrator; (e) Fresnel Reflector; 
(f) Array of Heliostats with Central Receiver [1] 
1.3 Importance of Tracking in Concentrating Collectors 
In general, concentrators with receivers much smaller than the aperture (the plane 
opening of the concentrator through which the solar radiation passes) are effective only 
on beam (direct) radiation. Therefore it becomes evident that the incidence angle of the 
beam radiation on the concentrator is important and thus sun tracking will be needed for 
these collectors. A number of orienting mechanisms have been designed in order to 
move focusing collectors in such a way that the incident beam radiation gets continually 
reflected to the receiver. The motions needed to accomplish the sun tracking vary 
according to the design of the optical system, and a particular resultant motion may be 
performed by more than one system of component motions. Linear (e.g. cylindrical) 
optical systems constantly focus beam radiation onto the receiver while the sun is in the 
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central‎plane‎of‎the‎concentrator‎(the‎plane,‎including‎the‎reflector’s‎focal‎axis‎and‎the‎
vertex line). These collectors may be rotated about a single rotation axis, which can be 
north-south, east-west, or inclined and parallel to the Earth’s‎axis‎(in‎which‎case‎the‎rate‎
of rotation is 15°/h). Reflectors that geometrically represent surfaces of revolution (e.g. 
in circular concentrators) optically are oriented in such a way that their axis is in line 
with the sun and it thus must be able to move about two axes. These axes may be 
horizontal and vertical, or one axis of motion might be inclined so that it is parallel to 
the‎earth’s‎axis‎of‎rotation‎(a‎polar‎axis)‎and‎another‎one‎perpendicular‎to‎it.‎Orientation‎
systems shall provide adjustments, which are continuous or nearly continuous, whereas 
movement of the collector has to compensate for the changing position of the sun.  
 
For some linear low concentration collectors it is possible to intermittently adjust their 
position, with weekly, monthly, or seasonal changes possible for some designs. 
Continuous orientation systems may be based on manual or mechanized operation. 
Manual orientation systems depend on the observations performed by operators and 
their skills at making the necessary corrections. If concentration ratios are not too high 
and if labour costs are not prohibitive, then this may be adequate for some purposes. 
Mechanised orientating systems can be sun-seeking or programmed ones, whereas the 
sun-seeking ones employ detectors in order to determine system misalignment.  
1.4 Merits and Demerits of Concentrating Collectors 
1.4.1 Merits 
As compared with the flat-plate collector the advantages of concentrating collectors 
over flat-plate collectors are listed below [3]:  
1. A higher thermodynamic efficiency can be reached in a concentrating collector 
as compared with flat-plate collector. The working fluid in a concentrating 
collector system can produce higher temperatures that compared to the flat-plate 
system. 
2. In a concentrating collector system it is possible to achieve a thermodynamic 
match between temperature level and task. In a concentrating collector system 
the heat loss relative to the receiver is a small due to an increase in the thermal 
efficiency 
3. The cost per unit area of a concentrating collector system is about 10% less than 
that of a flat-plate collector because the reflecting surfaces require less material  
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4. The concentrating collector is economically viable because of the relatively 
small area of receiver per unit of collected solar energy. Selective treatment and 
vacuum insulation can also reduce the amount of heat loss. 
1.4.2 Demerits  
However, due to high solar energy flux at the receiver, key concerns of the 
concentrating systems are: 
1. Depending on the concentration ratio, concentrating collector systems collect 
small amount of diffuse solar radiation. 
2. The concentrating collector system requires some form of tracking system so 
that the collector will be able to follow the position of the sun. 
3. The solar reflecting surfaces may require periodic cleaning and refurbishing 
because they may lose their reflectance with time if not well maintained. 
1.5 Concentration Ratio (CR) 
Concentration ratio is defined as the amount of solar flux received by the absorber 
compared to the incident flux. It is the factor by which radiation flux is increased on the 
absorber to the aperture of the solar collector system. It is important to increase the 
radiation flux by optical focusing if there is a need to generate high temperature. This 
can be obtained by using a series of devices that cover the range of CR from about 2 up 
to an order of 1000. The angle of acceptance of a focusing collector decreases with 
increasing concentration ratio. Therefore most concentrating collectors must track the 
sun with a degree of precision that increases with concentration ratio. There are two 
definitions of concentration ratio: 
1. Geometric concentration ratio 
2. Optical concentration ratio 
1.5.1 Geometric Concentration Ratio (CRg) 
Geometric concentration ratio is the extent to which the aperture area of the receiver is 
reduced to that of the concentrator (as shown in figure 1.2) and it can be expressed as;  
; For flat plate CRg = 1 and for concentrators CRg > 1  (1.1) 
r
a
A
A
CR   
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Figure ‎1.2: Schematic Diagram of Sun Concentration Geometry [1] 
 
A fundamental trade-off exists however, between increasing the geometric 
concentration ratio and reducing the cost of the collector because collectors with high 
concentration ratios must be manufactured precisely. If the concentrator is perfect, the 
radiation from the sun on the aperture (and thus also on the receiver) is the fraction of 
the radiation emitted by the sun which is intercepted by the aperture. The maximum 
concentration ratio for 2-D and 3-D concentrators based on the half acceptance, θs, can 
be obtained as: 
 
     
 
     
     (2-D)      (1.2)  
 
     
 
      
   (3-D)      (1.3) 
 
θs = 0.27°, the maximum possible concentration ratio for circular concentrators 3-D is 
45,000, and for linear concentrators 2-D the maximum concentration ratio is 212[1]. 
1.5.2  Optical Concentration Ratio (CROpt) 
An optical concentration ratio is defined as the ratio of average energy flux on the 
receiver to the aperture of concentrator. The energy flux on the absorber surface is not 
generally homogeneous; the average of the thermal radiation on the receiver is 
considered. In another approach local flux concentration ratios on the receiver can be 
defined, which state the ratio of the flux at any point of the absorber to that at the 
aperture.‎Optical‎concentration‎ratio‎is‎termed‎as‎‘suns’.‎If‎the‎flux‎on‎the‎receiver‎is‎10‎
times the flux on aperture, the concentration ratio is termed as 10 suns.  
       
              
              
        (1.4) 
Where Iflux, receiver  is the flux on the receiver area. 
Iflux,incident   is the flux on the aperture area. 
θs
θs
R
Aa
Ar r
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1.6 State of the Art - Solar Thermal Technology 
Solar Thermal Technology is one of the effective ways of harnessing solar energy for 
thermal energy. Solar thermal collectors are classified as low-, medium-, or high-
temperature collectors. Low-temperature collectors are flat plates generally used to heat 
the water or fluid for swimming pool purpose. Medium-temperature collectors are also 
usually flat plates but are used for heating water or air for residential and commercial 
use. High temperature collectors are used to concentrate sunlight using reflector and 
lenses and are generally used for electric power production. The important applications 
of solar thermal technology are: HVAC, (Heating Ventilation and air condition), solar 
air heat, solar chimney, solar air conditioning; solar drying; solar cooking; solar 
distillation; solar water heating systems; solar steam generation systems. Among all the 
applications, solar steam generation systems offer efficient and viable paths for the large 
scale use of electrical energy. Mainly concentrating collectors are used in the steam 
generation system. 
1.6.1 Different Types of Solar Concentrating Collectors 
Concentrating collectors absorb direct solar radiation over a large area and focus it onto 
a small absorbing area. As a result of solar radiation being focused on a small absorbing 
area, the intensity of solar energy is magnified. However, the design of concentrating 
collector requires mechanical equipment that constantly places the collectors towards 
the position of the sun and keeps the absorber at the point of focus. Typical 
concentration ratios are in the range of 100 to 10,000. Based on the concentration ratio, 
the low, medium and high surface temperature is achieved at the focal receiver. 
Depending on the temperature value, the collectors are classified as low-temperature, 
medium-temperature or high-temperature collectors. A detailed description is discussed 
below. 
1.6.2 Low-Temperature Concentrating Collector  
Low-temperature collectors assume the form of flat plate collectors that operate at a 
‘stagnation‎ temperature’‎ of‎ approximately‎ 80C. They are used for collecting solar 
radiation to heat air and water for domestic and industrial applications including space 
heating, desalination, solar cooking and crop drying. 
1.6.2.1 Compound Parabolic Concentrator (CPC) 
This type of thermal collector uses a CPC to focus solar radiation on an absorber. A 
CPC consists of two different parabolic reflectors that are capable of reflecting both 
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direct and diffuse solar radiation and focus it onto the absorber. A CPC reflector shape 
can be designed in different ways according to the shape of the absorber. Compound 
parabolic concentrator designs makes use of the fact that when the rim of a parabola is 
tilted towards the sun, the rays will not be concentrated at a point but are reflected 
below the focus. This design is called a non-imaging concentrator since the rays are no 
longer concentrated at a single point. A receiver is placed in the region below the focal 
zone that will trap sun rays coming from any angle between the focal lines of the two 
parabola segments. Receivers can be made of flat plates at the base of the intersection of 
the two parabolas, or a cylindrical tube that passes through the region below the focus. 
The basic design of a CPC is shown in figure 1.3. There are two basic designs of CPC 
collectors: the symmetric and the asymmetric. These designs usually use two types of 
absorbers: a fin type with a pipe or a tubular absorber [7-11].  
 
Buttinger et al. [12] developed a new flat stationary (non-tracking) evacuated CPC 
collector for process heat applications could achieve temperatures in the range of 120-
150C. A prototype tested under atmospheric temperature achieved an efficiency of 
50% and has claimed that the system shows great potential for solar process heat 
supply. Hsieh [13] developed mathematical formulations to study thermal processes in a 
compound-parabolic concentrator. Four nonlinear, simultaneous equations were derived 
to predict heat exchange among various components in the system. Test results 
indicated that, because of the high thermal resistance between the receiver jacket and 
the envelope, the collector performance is quite stable and is nearly independent of 
many parameters tested. The efficiency of the collector was shown to be high and shows 
only a very slight drop at high operating temperatures. Jadhav et al. [14] performed 
experimental studies on a CPC collector and suggested a design improvement without 
reducing the concentration ratio. A prototype was developed and tested for its 
performance and achievable temperatures. 
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Figure ‎1.3: Basic design of compound parabolic concentrator [15] 
1.6.2.2 Trumpet Concentrator  
A trumpet concentrator is one of the ideal non-imaging concentrators discovered by 
O'Gallagher [16]. The trumpet is composed of a hyperboloid of revolution with an 
asymptotic angle that must be at least as large as the rim angle to intercept all the 
radiation from the primary. In practice, the trumpet is truncated by widening its 
asymptotes several degrees above the rim angle. Shading of the trumpet can also be 
minimised by truncating the reflector at the height at which the flux reflected by the 
primary is equal to that of the sunlight striking the back surface. It has a number of 
advantages over CPCs: short focal ratio geometries; the trumpet’s‎effective‎aperture‎is‎
in the same plane as the physical exit aperture; it has relatively low reflection losses 
[16] and no skew-ray loss at all.  
1.6.3 Medium-Temperature Concentrating Collector  
In medium-temperature collectors, normally evacuated type flat plate collectors are 
employed for producing hot water for residential and commercial use in the temperature 
range of 100C to 400C [17]. The efficient conversion of solar radiation to heat at 
these medium temperatures range requires the use of concentrating or evacuated solar 
collector’s‎ types.‎ The‎ well-known medium temperature concentrators are parabolic 
trough systems, linear Fresnel reflectors and Trumpet Concentrators 
1.6.3.1 Parabolic Trough System 
Parabolic‎ troughs‎ are‎ “U”‎ shaped‎ concentrators that use linear parabolic mirrors to 
concentrate sunlight onto a receiver tube that is positioned along its focal line (as shown 
in figure ‎1.4). Energy of solar radiation is absorbed by a fluid in pipes located along the 
φ/2 φ/2
B
0
Axis of parabola 1
Parabola 1Parabola 2
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X
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focal line. To reduce heat loss a transparent glass tube is used to envelope the receiver 
tube [18]. The parabolic trough uses single-axis or dual-axis tracking respectively. The 
concentration ratio of the parabolic trough system is in the range 30-100 and the 
temperature at the receiver can be as high as 400C. The trough concentrator allows the 
production of cost effective process heat or electricity with energy provided by direct 
solar‎ radiation.‎Many‎ troughs‎ placed‎ in‎ parallel‎ rows‎ are‎ called‎ a‎ “collection‎ field”.‎
Trough designs can incorporate thermal storage-setting apart from the heat transfer fluid 
hot phase; this allows electricity generation for several hours into the evening. Optical 
efficiency of parabolic trough collectors is less than that of flat-plate collectors because 
the shape of the parabola can never be perfect and also the reflectivity of the mirrors is 
always less than 100%. This system is currently used in some commercial solar thermal 
power generation plants. 
 
Figure ‎1.4: Parabolic trough systems [19] 
 
The most recent development in the design of parabolic trough systems is the design 
and manufacture of Euro trough, a new Parabolic Trough Collector (PTC), in which an 
advanced lightweight structure is used to achieve cost efficient solar power generation 
[20, 21]. The best known application of parabolic trough collectors is for power 
generation and one example is the 354 MWe of the SEGS plants in California [22] . For 
these systems, troughs of approximately 6 m aperture width have been used to heat 
thermal oil up to 400C. The heat generated is used to produce steam in a turbine to 
 
Reflector surface 
Receiver 
Tracking mechanism 
Rays 
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generate electricity. The concentration ratio of these collectors is approximately 26. 
Smaller parabolic troughs, with concentration ratios between 10 and 15, can operate at 
temperatures between 100C and 250C. The aperture width of these small troughs 
range from 50 cm to 2.3 m. Parabolic trough collectors are also used in industrial 
processes to produce heat at a temperature range between 100C and 130C. They are 
also used to generate steam either directly, using direct steam generation mode or 
indirectly, using an indirect fired steam generator. They are also used for driving 
absorption chillers, either single or double-stage machines. 
1.6.3.2 Compact Linear Fresnel Reflectors 
The Compact Linear Fresnel Reflector (CLFR) is a solar concentrator designed for use 
in large-scale thermal power stations [23]. It consists of a series of long, narrow, 
shallow-curvature (or even flat) mirrors to focus solar energy onto one or more linear 
receivers positioned above the mirrors. It produces steam by 'direct steam generation', 
which is to say that steam is generated directly in pipes rather than through the use of 
solar heated oil and a heat exchanger. The mirrors are individually motorised to track 
the sun daily from east to west. Above the mirrors, a linear absorber is located and 
contains a bank of high-pressure water pipes onto which the solar radiation is focused. 
The absorber pipes are contained within an inverted trapezoidal cavity with a glass 
cover and rock wool-insulated steel top and sides; this cavity acts to reduce radiative 
losses and largely eliminates convective losses [24]. These systems aim to offer lower 
overall costs by sharing a receiver between several mirrors using the line-focus 
geometry with one axis for tracking [25]. The varying solar irradiation levels can cause 
problems in direct steam generation systems. If superheated steam is being generated, 
then there are (spatial) thermal gradients along the pipe; when irradiation varies, these 
thermal gradients move along the pipe causing local pipe temperature to vary quite 
rapidly. This can lead to high stresses and metal fatigue. 
1.6.4 High-Temperature Concentrating Collector  
High-temperature collectors concentrate sunlight for the purpose of electrical power 
generation and employ mirrors or lenses. These collectors reflect and concentrate direct 
insolation by sun-tracking mirrors called collectors or heliostats. Some modern solar 
radiation concentration systems have maximum concentration factors in the 1500-5000 
range and can provide high-temperature solar thermal power up to a few hundred 
kiloWatts [26, 27]. The concentrated solar radiation is focused upon a solar receiver, 
Chapter 1: Introduction 
12 
where maximum temperatures can exceed 1500C depending upon the configuration of 
the solar concentrating system [28]. Concentrated solar high-temperature heat has the 
potential to produce hydrogen from water via thermo-chemical means [29]. Among 
several solar high-temperature collector types; parabolic dish and solar tower systems 
are popular. Normally, for high temperature production, cavity type receivers are 
preferred [30].  
1.6.4.1 Parabolic Dish Systems 
Parabolic dish-engine systems use a collection of mirrors made from stretched 
membranes or flat glass facets to form a parabolic surface that focuses solar radiations 
onto a receiver located at the focal point of the dish. The parabolic dish collector has a 
mirror-like reflector and an absorber at the focal point. Low start-up losses and high 
optical efficiency make dish-engine systems the most efficient of all solar technologies. 
The dish system is primarily made up of a collector, a receiver and an engine. The dish-
engine system operates by collecting and concentrating the solar energy using the dish 
shaped mirror-like collectors onto a receiver that absorbs the energy and transfers it to 
the engine which is attached to the receiver tube. The engine then converts the heat 
energy to mechanical energy which is used to generate electricity. The view of parabolic 
dish Stirling engine systems is shown in figure 1.5. 
 
 
Figure ‎1.5: Parabolic dish Stirling engine systems [31] 
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In most high-temperature concentrating collectors, there is a need for continuous 
tracking of the sun because the collectors can only focus and concentrate the direct solar 
radiation; it is therefore imperative for the system to always follow the position of the 
sun. If the orientation of the collector is east-west the concentrator requires 
approximately (±30
o
 /day motion), while if the orientation is north-south it requires 
approximately (±15
o
 /day motion) [32]. A parabolic dish system therefore requires a 
computer to track the position of the sun. The concentration ratio of parabolic dish 
systems range from 1000 to 1500 and they can generate temperatures of up to 1000
o
C at 
the receiver. They can also achieve the highest efficiency for converting solar energy to 
electricity in the small capacity range. The greater concentration is achievable with dish 
type concentrators. However, this requires two dimensional tracking, which can be 
expensive. Stirling and Brayton cycles (turbines) are currently the engines under design 
consideration for these applications. There are several other prototype dish-engine 
systems that range in output size from 7 to 25kW that have been deployed in the USA. 
In 1984, a 29% net efficiency was measured at Rancho Mirage, California, this was 
generated by a Stirling engine based parabolic dish system and it holds the world record 
for converting sunlight into electricity. In 2008 Stirling Energy Systems achieved a 
record 31.25% net efficiency.  
1.6.4.2 Power / Solar tower systems 
Power tower systems also referred to as the central receiver systems, use a field of large 
mirrors called heliostats that follow the position of the sun and concentrate its energy 
onto a receiver mounted on top of a high tower. A computer is used to keep the mirrors 
aligned so the reflected rays of the sun are always aimed at the receiver. The power 
tower system usually has concentration ratios of 300-1500 [33], and the maximum 
temperature of the receiver can be up to 1500C [34]. The first power tower system, 
Solar One was built in the mid-1980s in southern California, United States; used water 
as the heat-transfer fluid to generate steam that powered 10MW steam turbine [34]. In 
1992, the aptly named Solar Two was developed in pilot test plants such as 59 MW 
Solar Two plant in Barstow, California (as shown in figure 1.6). The technology used 
molten salt as both the heat-transfer fluid and energy storage medium. The molten salt 
was‎pumped‎from‎a‎“cold”‎ tank‎and‎cycled‎ through‎ the‎ receiver,‎where‎ it‎was‎heated‎
and returned to a hot tank. The hot salt could then be used to generate electricity when 
needed. The summary of low-, medium- and high-temperature collectors system is 
given in Table ‎1.1. 
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Figure ‎1.6: Solar central receiver plants in Barstow, California [35] 
 
Table ‎1.1: Comparison of low, medium and high concentrating solar technologies 
 
The double concentration system is also under investigation. It implements a solution 
revolving around the concept of the reflective solar tower, with beam-down optics. In 
addition to a heliostat field, it comprises of a modified central tower, called a ‘reflective‎
tower’, and a number of secondary ground concentrators fitted with receivers. Thus, in 
comparison with classical central tower systems, the optical path of the reflective tower 
is augmented to include a special hyperboloid reflector, reflecting downwards the beams 
coming from the radiation transmitted by the heliostats located in the field around the 
tower. This system was proposed by Rabl [36] and further investigated by Winter, 
Heliostat
Central Receiver 
Hot Salt Cold Salt
Control Unit
Technology Tracking 
axes 
Concentration 
Ratio Range 
Operating 
Temperature (K) 
Maximum 
Conversion 
Efficiency (%) 
Flat–plate 
Evacuated tube 
None 1 Up to 75 
Up to 200 
30-50 
Parabolic trough 1 8-80 533-673 56 
Compact linear 
Fresnel reflectors 
1 8-80 533-673 56 
Parabolic dish 2 800-8000 773-1473 80 
Soar power 
tower 
2 600-1000 773-1073 73 
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Sizmann et al. [37]. The concentration factor for double-concentration systems could 
reach the 500-10000 range [38], while the receiver on the ground can achieve 
temperatures exceeding 1300C. The idea of a reflective solar tower is based on 
inverting the path of the solar rays originating from a heliostat field to a solar receiver 
that can be placed on the ground. This solution consists of reflecting each ray oriented at 
one of its foci to its second focus and employs two shapes of surfaces: one, the 
ellipsoid, is concave, and the hyperboloid is convex (with two sheets). The optical 
performances of these types of reflectors with the hyperboloid surface represent a 
superior reflector [39]. They are usually very large (generally more than 10 MW), they 
thus benefit from economies of scale [40]. 
1.7  Applications of solar thermal collectors  
A simple and efficient ways to harness solar energy is the conversion to solar thermal 
energy for different applications such as water heating [34], water pumping [41], water 
desalination [42], air conditioning [43], cooking [44, 45], drying [46] and industrial 
process heat [47, 48]. Each of these applications is discussed in this section. 
1.7.1 Water heating 
One of the most straightforward ways to use solar energy is in water heating systems. 
The solar water collectors are unique heat exchangers that convect solar radiation 
energy to the fluid flowing through tubes [49]. The main component of any solar water 
heating system is the solar collector, which absorbs the incident solar radiation, 
transforms it into heat, and transfers this heat to a working fluid such as water, air or oil 
flowing through the collector. One of the most important applications of the solar 
thermal energy is the production of hot water [50]. The best way to improve the 
efficiency of solar water heaters is using solar selective coatings to maximise the solar 
radiation on the collectors [51, 52]. In solar water heaters, where materials with high 
thermal conductivity such as copper are used, it is reported that materials with good 
thermal conductivity used for tubing like copper, aluminium a solar selective coating is 
always necessary for the best outcome [53]. Efficient SWHS require good spectral 
selective coatings. A typical solar water heating system is shown in figure 1.7.  
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Figure ‎1.7: Solar water heating system[54] 
1.7.2 Water desalination 
In the present world, supply of potable water is a major problem and in many places 
people do not have access to adequate and inexpensive supplies of potable water. Solar 
energy systems are expected to have an important role in the domain of brackish and 
seawater desalination. Of special interest are small desalination plants that can be 
operated with small quantities of energy. Small-scale desalination plants can be based 
on solar thermal systems, for providing potable water to remote and isolated 
communities where the potential of solar energy is enormous. By exploiting solar 
energy, for fresh water production, three main problems can be addressed: potable water 
scarcity, fossil energy depletion and environmental degradation due to fossil fuel 
combustion. In addition to that, sea water desalination with the use of solar energy can 
remove salt and other minerals from the sea water and finally produces pure (potable) 
water. In 1873 in Chilean mining town of Las Salinas, the first large–scale solar 
desalination system was constructed and operated for 40 years [55]. It made use of a 
parabolic trough collector which has a concentration ratio from 10 to 100 and can 
achieve temperatures from 100°C to 400°C. It usually requires a tracking system to 
follow the sun for maximising its energy capture [42]. 
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1.7.3 Cooking system 
Solar cookers use the sun radiation for pasteurization, cooking and drying and can reach 
temperatures up to 315°C. They are distinguished in three different types of cookers:  
(i) Box Cookers, which are the simplest solar cooker and consists from an insulated 
container with transparent lid;  
(ii) Panel Cookers, which use a reflective panel in order to direct sun radiation into an 
insulated container and achieve high temperatures, similar to Box Cookers;  
(iii) Reflector Cookers, which use plenty of concentrating geometries, such as Dish, 
Trough and Fresnel Mirrors [56], in order to concentrate the sun radiation on a 
cooking container. A solar bowl for steam generation for cooking is shown in 
figure 1.8. 
 
Figure ‎1.8: Solar Bowl in Auroville, India, to produce steam for cooking [43]. 
1.7.4 Drying 
According to their operating temperature ranges, the drying systems are classiified as 
high temperature dryers and low temperature dryers [57]. In solar drying, box or tray 
type‎equipment‎is‎used‎to‎collect‎the‎sun’s‎radiation‎to‎harness‎the‎radiative‎energy‎for‎
drying applications, which differs from open sun drying. In most developing countries, 
there has been very little field penetration of solar drying technology [46]. The exposure 
of the sun results case hardening, which develops hard outer shell and trapped moisture 
Hemispherical Bowl
Linear Receiver Tracking Mechanism
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inside. Solar energy has been used throughout the world to dry products. The solar dryer 
removes the moisture and ensures good quality products. Solar dryers improve upon the 
traditional open sun drying [46]. One of the leaders in solar air heating/solar drying 
systems in India is the NRG. The solar energy dryer produced by the NGN is shown in 
figure 1.9. They are economic, reliable, removes maximum amount of moisture and 
retain colour and nutrients much better than any other drying mechanism. 
 
 
Figure ‎1.9: Photograph of NRG solar dryer [58] 
1.7.5 Process Heat 
For process heat applications, medium-temperature solar collectors can be deployed. 
The main application is of heat production for industrial processes. Many studies [57-
60] reveal that industrial sectors have very good favorable conditions for the production 
of hot water through solar energy. A medium temperature level of process heat 
application include sterilizing, pasteurizing, drying, hydrolyzing, distillation and 
evaporation, washing and cleaning, and polymerization. Depending on the range of 
temperatures, applications may vary from near ambient to low-pressure steam. The 
energy can be provided either from flat-plate collector systems or concentrating 
collectors of low concentration ratio. Hot water or low pressure steam at medium 
temperatures (150C) can be used either for preheating of water or for steam generation 
or by direct coupling of the solar system to an individual process working at 
temperatures lower than the central steam supply. The common applications of solar 
industrial and agricultural process applications were described and presented by 
Ekechukwu and Norton [57, 59]. Spate, Hafner et al. [60] presented the decentralised 
solar process heat applications for community kitchen, bakeries and post-harvest 
treatment. The system uses a fix-focus parabolic collector, a high temperature FPC and 
pebble bed oil storage. Benz [61] presented the utilisation of a solar thermal system for 
Absorbing Surface
Glazing 
Fan 
Drying Chamber 
Solar air Collector
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space heating in brewing and dairy industries. The same author [62] presented the 
utilisation of non-concentrating collectors for the food industry. It is found from the 
analysis of industrial strategies that, many processes have great potential to implement 
solar heat resources in various studies [63, 64] at low or medium temperatures.  
1.8 Review of Solar Concentrators and Receivers  
1.8.1 Solar Dish Concentrators 
In recent years, utilisation of solar energy for various process heat applications has 
drawn major attention across the world. Several types of solar collectors have been 
employed to achieve medium temperature applications such as heating water for 
desalination, drying, cooking etc. The most common collector used for these 
applications are flat plate collectors, evacuated tube collectors and compound parabolic 
collectors (CPC) with evacuated tubes. 
 
Rabl [65] presented the dependence of concentration ratio, acceptance angle and 
operating temperature of a solar collector. Grass et al. [66] compared non-tracking and 
tracking evacuated compound parabolic (CPC) collectors which can achieve working 
temperatures of between 200-250C. TRNSYS simulation was carried out to decide the 
type of collector that is suitable for specific regions. For non-tracking collectors the 
acceptance angle is limited to lower values. Kumar et al. [67] reported on findings for a 
truncated pyramid non-tracking system that could be used for domestic cooking and 
water heating; this study focused on the performance of the system as a water heating 
system.  
 
The quality of heat produced by a solar collector system is governed by configurations 
of the concentrator and the receiver. The study of concentrator optics and its flux 
distribution in the focal region are important parameters in the design of receivers. 
During the past few decades, numerous investigations have been carried out on design 
aspects such as the reflective materials for the concentrator, and focal image 
characteristics of solar parabolic dish systems. The review of literature pertaining to 
solar concentrators (parabolic dish, parabolic trough, CPC, trumpet, CLFR) is presented 
here. 
Three dish systems with silvered polymer (ECP-300X) as the reflective material were 
developed in the United States [68]. Acurex and Solar Kinetics, Inc., Dallas, USA, 
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(SKI) designs employed sheet metal reflective panels which were structurally integrated 
with the support structure to reduce structural weight and cost. The Lajet (LEC-1700) 
innovative employed circular stretched membrane reflective facets [69]. The Schlaich 
Bergermann and Partner (SBP) dish concentrator was the largest and single stretched 
membrane focused by internal vacuum. 
In 1994, Australian National University (ANU) developed a prototype of 400 m
2
 
aperture area of a solar parabolic dish concentrator [70]. It consists of 54 mirror panels 
supported on a hexagonal aperture space frame structure. Altitude and azimuth tracking 
are employed with a horizontal axis near the base of the dish so that it can be parked in 
a horizontal position relatively close to the ground. A cavity type receiver based on a 
single‎ helical‎ winding‎ of‎ stainless‎ steel‎ tubing‎ is‎ used.‎ The‎ receiver‎ acts‎ as‎ a‎ “once‎
through”‎boiler‎which‎produces‎superheated‎steam‎at 5 MPa and 773 K. The prototype 
is connected to a small reciprocating steam engine which is capable of generating 45 
kWe and is connected to the local grid. The thermal efficiency from solar to steam is 
approximately 85%. Recently, due the commercialisation of this technology ANU has 
re-designed the concept of the Big Dish for mass production. The new design is a 494 
m² concentrator with 13.4 m focal length and altitude-azimuth tracking. It uses 380 
identical spherical 1.17 × 1.17 m mirror panels, which integrate the Glass-on-Metal 
Laminate mirrors [71]. The 500 m
2
 Paraboloidal Dish Solar Concentrator developed by 
Australian National University system is shown in figure1.10.  
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Figure ‎1.10: Paraboloidal Dish Solar Concentrator Developed by Australian National 
University [71, 72] 
 
Jaffe [73] briefly described a wide variety of point-focusing concentrators for solar 
thermal energy use. These point focusing concentrators have different operating 
parameters such as optical configuration, optical elements materials, structure for 
support of the optical elements and receiver mount, foundation, drive, and controls. 
Jaffe [70] presented methods for calculating and optimising the performance of 
parabolic dish solar collectors and their cost/output ratio. The effects of variables such 
as concentrator optical surface, specularity, pointing errors, receiver aperture size, 
absorptance and temperature on optimisation were examined [74]. The performance 
may be improved by the use of a secondary concentrator, if the errors of the primary 
concentrator are large. Harris [75] studied the thermal performance of a solar 
concentrator with different cavity receivers shapes (cylindrical, hetero-conical, conical, 
spherical and elliptical). Deviations in concentrator rim angle and cavity geometry 
caused large variation in power profiles inside the cavity receiver. Kaushika [76] 
presented the characteristics relevant to the design and cost considerations of 
multifaceted dish collectors. Kaushika [76] suggested some alternatives used for 
concentrator mirror materials and discussed cost effective optical mirror materials of 
second surface silver on glass. An elliptic normal distribution was used to estimate the 
flux distribution at the focal region of the fuzzy focal dish. 
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Stine and Diver [77] presented the results of a survey on the solar dish technology 
status, system specification, performance and operation of parabolic dish solar 
collectors that use Stirling engine to generate electrical power. An overview of status of 
dish/stirling technology development and the operating experience for each system was 
also presented. Becker [78] discussed the scope and possibilities for applying 
concentrating solar energy to a number of industrial processes. Trieb,‎ Langniβ‎ et‎ al. 
[79] compared different solar electricity technologies by taking into consideration their 
performance costs and environmental impact. They presented a practical tool that 
facilitates an estimate of performance and costs of solar power plants under local 
conditions and reviewed the parabolic dish steam generating systems for high 
performance and low cost. 
 
Different solar concentrator materials such as low iron glass mirror, pure polished 
aluminium and polymers coated with silver-aluminum alloy have been tried in the 
development of low cost parabolic dishs. The mirror made of polymer film material 
coated with Ag-Al alloy provides the advantage of being light-weight. The index of 
reflectivity is also very close to that of a glass mirror; it is easy formable and shatter 
resistant. The resultant concentrator had a rather fuzzy focal image of large cavity 
aperture would be required. Kaushika [80] presented the design, development and 
thermal performance characteristics of a low-cost solar parabolic dish of silvered 
polymer reflectors. The intercept factor at the focal region of the fuzzy focal dish 
concentrator was evaluated using elliptic normal distribution functions. The thermal 
optimisation of cavity receiver for low cost solar dish has been presented. 
 
Lovegrove et al. [81] demonstrated a solar driven closed-loop thermo-chemical energy 
storage system using ammonia in a 20 m
2
 dish solar concentrator. They have shown that 
ammonia dissociation receiver/reactors are well suited for high-quality superheated 
steam production. Based on catalyst material, a cavity receiver consisting of 20 reactor 
tubes filled with iron based catalyst material was used in the system. The study 
attempted to maximise the potential for electrical power production from an ammonia 
synthesis reactor. Mills [82] presented various solar thermo-electric technologies. 
Kennedy [83] provided the extensive status of the material for solar reflectors. The 
development, performance and durability of the solar reflectors were discussed. The 
glass with silvered polymer and front-surface mirrors has been shown to be an excellent 
candidate for solar reflectors. Klaus and Palavras and Bakos [84, 85] dealt with the 
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development and performance characteristics of a low-cost dish solar concentrator and 
its application in zeolite desorption. Klaib [85] discussed the technical and economic 
development of different solar thermal power plants such as parabolic trough, central 
receiver, and dish systems. 
 
Hassib [86] discussed the geometric analysis of a compound conical concentrator with 
receivers of various geometries. The shape of the receiver determines the profile the 
reflector. It was also shown that the resulting flux distribution determines the shape of 
the receiver and its position relative to the reflector. El-Refaie [87] described the conical 
solar energy concentrator with tubular axial absorber. The effects of apex angle, 
diameter ratio and truncation ratio on the concentrated power, concentration profile and 
the reflector-surface area have been investigated. 
 
Mancini [88] presented analytical models to evaluate a performance of the single 
element stretched-membrane dish. Several configurations for the faceted stretched-
membrane dish were discussed. Garcia-Botella [89] presented the profile generation of a 
hyper parabolic concentrator (HPC) from a field lines of a two–dimensional truncated 
wedge based on hyperbola and a tilted parabola. Bortz [90] explored the mathematical 
relationships between methods (generalised functional method, edge ray method, 
aplanatic method and simultaneous multiple surface methods) of optical design of the 
non-imaging concentrators. 
 
Garcia-Botella [91] presented concentration ratios and the skew invariant of an elliptical 
concentrator. The application of an elliptical concentrator as a solar concentrator and 
illuminator was also discussed. Numerical results of ray tracing of the elliptical 
concentrator were also presented. It was stated that elliptical concentrators, have two 
principal acceptance angles in the transversal and longitudinal directions. They can 
therefore achieve higher concentration ratios compared to translational symmetric 
concentrators and lower for the rotational types. Garcia-Botella [92] studied a 3-D 
asymmetric concentrators without rotational and translational symmetry based on 
photometric field theory and elliptic ray bundles for non-tracking solar applications as 
shown in figure 1.11.  
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Figure ‎1.11: One-sheet 3-D hyperbolic asymmetric concentrators [92] 
 
Minano and González [93] presented a new method of designing two non-imaging 
concentrators - aspheric lens concentrator and lens-mirror combination concentrator. 
Based on ray tracing, it was found that the lens-mirror combination concentrator has a 
high transmission value and the optical surfaces were not in contact with the receiver. 
 
Senthilkumar [94] investigated the optical and thermal performance on horizontally 
segmented 3-D CPC. The steam generation efficiency of the CPC was reported to be 
38%. Gutiérrez [95] suggested the Lorentz technique to design three dimensional ideal 
non-imaging concentrators. Gutierrez [96] used the Lorentz technique to design flow-
line concentrators and cone concentrators. Kribus [97] studied the performance 
(calorimetric and radiometric measurement) of a new concentrator with rectangular 
cross section and elliptic contour with high eccentricity. It was constructed and tested at 
the Weizmann Institute. 
 
Garcia et al. [98] reported a study on a 3-D asymmetrical ideal concentrator. The 
concepts of the flow line of Winston and Welford [99] and the pharosage vector of 
Moon have been used to develop an ideal 3-D asymmetric concentrator that could be 
used without the need for tracking, where different acceptance angles and transversal 
and longitudinal directions are needed. The concentrator presented is suitable for 
infinite concentrating applications with the help of lenses, but since this design was 
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fully modelled, a finite source concentrator, may deviate from the ideal character when 
scaled up and used as an infinite source application. 
 
Garcia et al. [91] presented a new generation of concentrator referred to as elliptical 
concentrator. Two classes of elliptical concentrator have been defined namely non-
homo-focal and homo-focal. This paper also discussed special cases for which elliptical 
concentrators are applicable; these included both the translational and rotational. It was 
also remarked that elliptical concentrators have two principal acceptance angles; the 
transversal and longitudinal directions. Therefore this type of concentrator, can achieve 
higher concentration ratios in comparison to translational symmetric concentrators and 
rotational types. 
 
Benitez et al. [100] presented a new method to obtain elliptical ray bundles in a 3-D 
geometry by reformulating the conditions of a bundle to be considered elliptical and 
also looked for the shapes and profiles produced by these elliptical bundles with a flow 
lines design method. The solution of the problem provided may allow the design of a 
new set of 3-D‎concentrators‎that‎are‎“ideal”. Sellami et al. [101] designed a novel 3-D 
static concentrator and evaluated the best combination of optical efficiency and 
acceptance angle. A good agreement between experimental measurements from a 
manufactured square elliptical hyperboloid and optical simulation results was observed. 
Ali et al. [102] evaluated the performance of a 3-D elliptical hyperboloid concentrator 
using ray tracing software and carried out the optimisation study of the profile and 
geometry to improve the overall performance of concentrator. The optical efficiency 
was found to be 28% for a concentration ratio of 20. Arunkumar et al. [103] studied a 
pyramid solar still which was directly coupled with a non-tracking compound parabolic 
concentrator for heating saline water. It is observed that the basin water temperature 
increased within a short time which starting the distillation process and found that the 
distilled yield rate is more than conventional solar still. 
 
Luminosu [104-106] presented a ray tracing tool for a small sized non-imaging 
paraboloidal concentrator. O’Gallagher‎ and‎Winston‎ studied‎ different‎ applications for 
the flow-line concentrator. They examined it as a second stage concentrator and its 
application in nearly ideal optical systems. They highlighted the compound parabolic 
concentrator (CPC) as the first non-imaging system that has been designed by the 
principles of non-imaging optics and are limited in attaining the theoretical ideal 
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concentration ratio as 3-D solutions due to skew ray losses. It was states that no 3-D 
non-imaging concentrators could reach the theoretical limit. Winston and Welford [107] 
introduced the geometrical vector flux as a concept for illustrating light flow in the 
geometrical optics model and for initiating new designs of non-imaging concentrators. 
They showed how the use of the vector flux naturally leads to an entirely new path for 
the design of the compound parabolic concentrator. They also showed that the two-
dimensional form of the compound parabolic concentrator has precisely the maximum 
theoretical concentration ratio and the three-dimensional form cannot quite achieve this 
performance. Kritchman optimised the second stage concentrator by incorporating a 
second-stage trumpet-like reflective element at the focal plane of a paraboloidal dish 
reflector. Kritchman [108] stated that an optimally adapted trumpet compensates for the 
optical aberrations or short comings of the dish. 
1.8.2  Solar Trough Concentrators 
Similar to a solar parabolic dish system, the performance of a solar parabolic trough 
system depends on the contour of the concentrator and receiver. Among these two, the 
receiver design influences the overall efficiency of the energy conversion of the solar 
parabolic trough collector system. The energy absorbed by the receiver has to be 
transferred to the heat transfer fluid (HTF) essentially by means of convection. Several 
studies have been reported on the performance and its improvements of line-focus 
concentrating systems. In 1870 a parabolic trough based solar collector system of 
aperture area 3.25 m
2 
was developed to drive a 373 W heat engine to produce steam 
directly: this is now called direct steam generation (DSG). In direct steam generation, 
instability in the receiver occurred due to stratified two-phase flow during the steam 
generation [109]. It was also found that the instability leads to the bending of the 
absorber and rupturing of the glass envelope of the receiver due to thermal gradient of 
the hot two phase flow. To avoid the instability caused by the thermal gradient, 
bimetallic receivers were suggested. In order to predict the thermal stress, Yapıcı‎and‎
Baştürk [110, 111] simulated a 2-D conjugate heat analysis with uniform and non-
uniform heat flux on the horizontal circular pipe. 
 
Ericsson [112] developed a large parabolic trough collector (3.35 m long and 4.88 m 
wide) with a manual sun tracking motor to focus the solar radiation on a 15.88 cm 
receiver boiler tube. Three parabolic trough collector systems with 2.13 m aperture, 3.66 
m long with a rim angle of 90
o
 was constructed at Sandia laboratory. The receiver was 
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enclosed with a 4 cm diameter glass tube and a 1 cm evacuated annulus. Anodized 
aluminium by Alzak and backside coated silvered glass surfaces fixed to the support 
materials [113-115] identified the influencing factors (such as spectral directional 
reflectivity of the mirror, the reflector -receiver intercept factor, the incident angle 
modifier, absorptivity-transmissivity product of the receiver tube and cover tube, the 
end or edge loss factor, a tracking errors and misalignment of receiver) that determine 
the performance of a parabolic trough concentrator. Odeh, Morrison et al. [116] studied 
the performance improvement and cost reduction of the parabolic trough collector 
system with synthetic oil and water as a working fluid. Huang [117] revised the testing 
procedure of ANSI/ASHRAE 93-1986 for performance analysis of solar collectors. 
Kalogirou [118] analysed the collector time constant, acceptance angle, collector 
thermal efficiency and incident angle modifier for parabolic trough collector of different 
tracking systems. 
 
Zhang, Zhao et al. [119] developed stainless steel–aluminium nitride cermet material as 
a solar absorbing layer for solar thermal applications with absorptivity of 0.95 and 
emissivity of 0.05. Brooks [120] conducted a performance test for the parabolic trough 
collector system with and without an evacuated glass shield receiver. It was found that 
the efficiency of the trough was 55.2% and 53.8% for both cases of the receiver. Valan 
Arasu and Sornakumar [121] investigated the performance analysis of a fibre glass 
reinforced parabolic trough collector system for hot water generation system. A heat 
loss energy balance of the parabolic trough receiver was analysed by Lüpfert, 
Riffelmann et al. Liu [122, 123] developed and investigated the performance of a 
parabolic trough solar collector system using synthetic oil and efficiency was found to 
be 40% and 60% respectively. Qiu [124] developed the mathematical model and 
experimentally analysed the thermal performance of the closed cycle parabolic trough 
collector system. The mathematical results were compared with experimental results. 
Hamad [125] experimentally investigated the effect of angle of inclination and diameter 
ratio on heat transfer for a cylindrical annulus pipe. 
1.8.3 Ray Tracing of Solar Concentrators 
Dominic Groulx [126] conducted a ray tracing analysis on a two-stage parabolic 
concentrator; fabricated by Lunenburg Industrial Foundry and Engineering (LIFE). In 
this‎ ray‎ tracing‎ analysis,‎ the‎ effects‎ of‎ the‎ secondary‎ mirror’s‎ focal‎ length,‎
misalignment, and distance between secondary mirror and target were studied. It was 
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stated that a maximum flux of 1.2 × 10
4
 M/W
2
 was obtained for the optimum focal 
length‎ of‎ 157.9’’.‎ It‎ was‎ also‎ found that imperfection of ±0.2, leads to zero 
concentration efficiency. Antonio [127] presented the optical simulation of solar PV 
concentrators using two inverse characterisation methods (inverse illumination, and 
inverse luminescence operating with electroluminescent light). It was stated that the 
inverse illumination method enhances the simulation process. Shortis [128] described 
the assessment of the quality of paraboloidal reflecting surfaces as a derivation of the 
photogram-metrically produced surface coordinates. Ray tracing of the reflecting 
surfaces to predict the expected flux distribution showed the close correlation with the 
video graphically measured flux distribution at the focal point of the dish.  
 
Benítez [129] presented a method of obtaining elliptical ray bundles based on a flow-
line design method for 3-D non-imaging geometry. It was reformulated that the rays 
passing through any point of the space form a cone with an elliptic base. He stated the 
solution of the problem provided may allow the design of a new set of 3-D 
concentrators that are ideal. Jenkins [130] presented an integral design method based on 
a variable edge-ray principle to transform non-uniform input and output radiance 
distributions to maximize the concentration ratio. Using the integral design method, 
25% improvement in concentration was predicted over conventional non-imaging 
secondaries. Wijeysundera [131] presented methods for analysing the behaviour of 3-D 
concentrator systems and for determining the sensitivity of a reflector designs. The ray-
tracing technique has been proposed to study the behaviour of conical, spherical and 
parabolic reflectors when the angular deviation between the direction of the solar beam 
and the axis of the reflector is large. 
1.8.4 Receiver and Heat Losses  
The choice of the receiver type, optical and thermal (convection and radiation) losses 
from the receiver, and the effect of a glass envelope around the receiver are some of the 
practical design considerations when designing a concentrating collector [132]. Several 
researchers studied different shapes of the receivers and its impact on the energy losses. 
From the work of Harris [75], it was concluded that the deviation in concentrator rim 
angle and cavity geometry cause large variation in power profiles inside the cavity 
receiver for different shapes of cavity receivers (cylindrical, hetero conical, conical, 
spherical and elliptical). A simple model for the convective heat transfer from a solar 
cavity receiver based on the results of experimental studies from cubical cavities was 
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presented by Sandia et al. [133]. McDonald [134] proposed a modified correlation for a 
cylindrical shaped frustum receiver incorporating the aperture size, surface temperature 
and receiver angle. 
 
Two distinct receivers, the semi cavity and modified cavity, were introduced in a solar 
dish collector system [76]. The modified cavity receiver was found to be more efficient 
receiver than the semi cavity [97] conducted experiments on a multistage solar cavity 
tubular receiver to minimise the heat losses by dividing the aperture into separate stages 
according to the irradiance distribution levels. An experimental analysis of laminar free 
convection heat transfer from an isothermal hemispherical cavity was carried out [135]. 
A simplified analytical solution, numerical calculations and experimental studies of 
laminar natural convection heat transfer from an isothermal hemispherical cavity was 
presented. 
 
By considering the different shapes of concentrators and receivers, the combination of 
the elliptical (receiver) and hyperboloid (concentrator) can increase the thermal 
efficiency of the system by reducing the heat loss. In the literature review, according to 
author’s‎ knowledge‎ no‎ hyperboloid‎ (concentrator)‎ and‎ elliptical‎ (receiver)‎ is‎
considered. It can also be concluded that from this design, for same concentration ratio, 
there will be reduction in the dimension of the receiver. This reduction in the dimension 
is directly proportional to the area and which in turn gives lower heat losses. This 
optimum shape of a collector system will have an advantage over other forms designs 
because‎ it‎ can‎ collect‎ rays‎ from‎ any‎ angle‎ of‎ the‎ sun’s‎ position.‎ For‎ the same cross 
sectional area, the proposed design will be economical and cost effective when 
compared to other conventional system. 
1.9  Motivation for Present Work 
The present work is carried out based on the unavailability of more information about 
elliptical hyperboloid concentrator. Also, very few papers were presented on 
hyperboloid concentrators. Garcia-Botella [89] applied the photometric field theory and 
elliptic ray bundles method to study 3-D asymmetric and symmetry concentrators. They 
observed that the hyperbolic concentrator is an ideal 3-D asymmetric concentrator [92]. 
They also stated that the shape of the concentrator is not disturbed in the flow lines of 
an elliptical disc, so it can be applied for non-tracking concentrators. Errez studied 
optimal concentration of light from a source distribution to a receiver. The technique 
Chapter 1: Introduction 
30 
has been developed to design three-dimensional ideal concentrators. Garcia-Botella [92] 
obtained a two-dimensional truncated wedge. The wedge was based on the union shape 
between a hyperbola and a tilted parabola. A hyper parabolic surface was obtained, by 
revolving the profile. It was found that the focal length of the designed concentrator 
approaches infinity. 
 
From the detailed literature review, it is clearly evident that elliptical and hyperboloid 
concentrator for solar application have not been explored in greater detail. Inadequate 
information of their optical efficiency analysis using ray-tracing technique is also 
revealed in the literature. On the other hand, the numbers of the current existing 
technologies design of solar concentrator have low optical efficiency or required solar 
tracking, which makes the cost per unit output higher and also requires regular 
maintenance. To minimise the cost of the system by eliminating the tracking device to 
improve the optical efficiency, the present work has been proposed. The goal of this 
thesis is to develop an optimal optical efficiency and concentration ratio for a 3-D static 
solar concentrator. Hence, the present new type of solar concentrator (Elliptical 
hyperboloid concentrator – EHC) has been considered in this research work to carry out 
optical, thermal modelling and experimental characteristics of the design. In addition to 
this, extensive optical analysis has been performed for the optimization 3-D elliptical 
hyperboloid concentrator system design to be viable. Furthermore, the integration of the 
solar desalination system has also been investigated for the viability aspects. 
1.10  Approach 
This research proposed the development of an innovative three-dimensional medium 
concentrating design, which captured a large part of the diffuse solar radiation in 
addition to the direct component. The 2-D concentrator is designed to an optical 
efficiency of 19% based on detailed analysis of the worldwide state of art of 
concentrating solar energy system; this was improved upon by the 3-D system. A 
computational model was developed to aid the design of a three dimensional elliptical-
hyperboloid concentrator with a concentration ratio of 20. A prototype system was 
also constructed and indoor testing characterization was carried out at Heriot-Watt 
University (HWU) and the final design of the EHC was fabricated and tested out door in 
Madras, Chennai India (IITM). A three-dimensional solar concentrator was designed to 
have an optical efficiency of 28%. The EHC system was fabricated and incorporated 
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into a water desalination system. The numerical data was compared to experimental 
measurements collected by a prototype system. 
1.11 Objective of the Present Work 
The objectives of the present work are:  
1. To identify an appropriate static solar concentrator for process heat applications. 
2. To develop in-house codes and perform the optical characterisation of the 2-D 
and 3-D Static Elliptical hyperboloid concentrator (EHC) for wide range of 
acceptance angles.  
3. To design and fabricate a three-dimensional hyperboloid reflector base 
concentrator with elliptical receiver.  
4. To manufacture a range of prototype 3-D EHC for indoor characterisation 
5. To perform indoor experiment of the 3-D EHC in order to predict the thermal 
behaviour of the system and to utilise the system for medium temperature 
applications.  
6. To optimise different parameters within concentrator geometry in order to 
achieve high optical efficiency. 
7. To perform outdoor characterisation of the scale-up version of the 3-D EHC for 
water and process heat use. 
1.12 Organization of the Thesis  
This thesis has been divided into seven chapters. The review of literature pertaining to 
the present work is outlined in chapter 1. It also includes the objectives and scope of the 
work undertaken. The current state-of-the-art in solar thermal concentrator technologies 
are presented and discussed. A discussion on the explanation for this work and the 
identification of a gap in the literatures are outlined at the end of this Chapter 1. The 
designs of 2-D and 3-D elliptical hyperboloid static solar concentrator are extensively 
discussed in chapter 2. The optical performances of a static 2-D and 3-D EHC and its 
flux distribution are discussed in chapter 3. A part of the chapter 2 and few sections of 
the chapter 3 have been published in International Journal of Solar Energy. The other 
part of the chapter 2 has been published in the World Renewable Energy Congress, Abu 
Dhabi. The comparisons of the optical performance for different geometrical EHC are 
presented in chapter 4. The work related to chapter 4 has been published in the two 
International conferences, ISES Solar World Congress 2011-Germany; WREF 2012 - 
Denver, USA. The fabrication and indoor experimental behaviour characteristics of the 
static EHC under different solar insolations are presented in chapter 5. The outdoor unit 
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was fabricated and tested at the Indian Institute of Technology (IITM), Chennai in 
India. This chapter will provide a detailed description of the all dimensions and material 
used for the fabrication of the EHC Based on this, the thermal performance of the 
medium temperature elliptical-hyperboloid solar collectors has been presented in 
chapter 6. This chapter will provide a detailed description of the all dimensions and 
material used for the fabrication of the EHC. The work related to chapter 6 has been 
communicated to the International Journal of Solar Energy and it is under review. The 
highlights of the present work, conclusion from the present research work study, and the 
suggestion for the future work are given in chapter 7. The methodology of the thesis is 
given in figure ‎1.12.  
 
 
Figure ‎1.12: Methodology of thesis 
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1.13 Closure 
In this chapter, the background and the motivation of the present research work have 
been discussed. Broad outlines of the organization of the thesis and the salient features 
of the individual chapters have also been highlighted. The next chapter deals with the 
design aspects of 2-D and 3-D elliptical hyperboloid static solar concentrator.
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CHAPTER 2: DESIGN AND OPTICAL RAY TRACING 
PROCEDURES FOR STATIC 2-D AND 3-D EHC 
A non-imaging solar concentrator system of reflecting surfaces redirect the solar 
radiation from source to target (receiver). The present research work is focused on a 3-
D elliptical hyperboloid geometric design of solar collectors, though many design 
concepts and procedures for 2-D and 3-D are discussed in this chapter. Based on the 
general equation for a solar concentrator, parameters vary slightly to determine the 
optical efficiency. 2-D MATLAB code is written to obtain the different shapes of the 
concentrator. Optis software is used to obtain ray tracing, flux distribution and optical 
efficiency for a 3-D EHC.[102]. 
2.1 Introduction  
A new approach of non-imaging optics was introduced in 1960 by Kritchman [136]. 
Compared to imaging concentrators, a non-imaging system has a wider acceptance 
angle. Due to this, the system has the capability of approaching the thermodynamic 
limit of the concentration ratio and is capable of collecting the solar radiation for eight 
hours per day [137]. Furthermore, the diffuse radiation is also captured, which is lost in 
imaging systems. During the past few decades, several designs of non-imaging 
concentrators have been developed. Compound parabolic concentrators (CPCs) and 
trumpets (hyperbola) are the most common non-imaging systems. Without a tracking 
system, the maximum concentration ratio for an imaging concentrator with secondary 
reflector was found to be 3 or 4 [138]. Winston [137] showed that a concentration ratio 
of 9.6 could be achieved with a trough-CPC system. They achieved a concentration 
ratio exceeding the sine law of concentration. A comparison between the characteristics 
of parabolic and Fresnel concentrator systems and CPCs was presented by Rabl [139]. 
The continuous development of non-imaging systems has led to the development of 
optic techniques to analyses the non-imaging systems, which are discussed below. 
2.1.1 Edge-Ray Method  
The edge-ray optics is one of the simplest methods, which has been extensively used in 
designing non-imaging systems [140, 141]. Winston, Miñano et al. [142] described the 
edge-ray method for a non-imaging system. The important aspect of the analysis in 
solar energy collection is whether the redirected radiation reaches its target or not, rather 
than the radiation distribution pattern. In the edge ray method, the boundary of the beam 
is redirected onto the boundaries of the region. Hence, in designing a collector, edge 
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rays of the source are reflected onto the target. Remaining source rays will also reach 
the target. The contour of the CPC is a very good example to explain the principle of 
edge ray method and is shown in figure 2.1. If the acceptance angle of the incoming 
rays is less than half acceptance angle of the CPC, then the rays are focused onto the 
opposite edge of the receiver with a single reflection. If the incoming rays are greater 
than the half acceptance angle of the CPC, then the rays are reflected onto the opposite 
reflecting surface and then rejected. 
 
Figure ‎2.1: Edge-Ray Principle and CPC [140] 
 
The principle of edge ray can be used to design both symmetric and asymmetric type 
concentrators with non-concave absorbers. Winston and Hinterberger [143] used edge 
ray principle for designing ideal linear concentrators for various absorbers such as 
cylindrical tube absorbers and vertical fin absorbers. For reflectors located in the 
shadow of the absorber, the edge ray method cannot be applied [144]. For several 
asymmetric geometries of CPCs the edge ray method were used for building-integrated 
PV concentrators [145]. Adsten, Helgesson et al. [49] presented the asymmetric 
concentrators for static collections in high-latitude locations. The edge ray method 
resulted in a differential equation for each side of the reflector to maximise the 
collection in two dimensions. Winston, Miñano et al. [142] however formulated a 
technique called a string method, in which a string and rod are used to trace the required 
contour surface. The main advantage of the edge ray method is its ease of use, but it is 
limited to only narrow problems under assumptions of specular reflection and 
homogeneous irradiance. By using the edge ray method, optimal reflector geometry is 
resulted without reasonable assumptions in practice. 
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2.1.2 Tailored Edge-Ray Approach  
For the tailored edge-ray approach, one of the practical difficulties of the edge ray 
method, homogeneous irradiation, is eliminated to handle the reflecting surfaces and to 
achieve the desired radiation pattern. This approach was adopted in the design of the 
lighting system. Using the tailored edge ray approach, a uniform angular radiation 
pattern from a given source of light was achieved. In the edge-ray method, only a single 
set of edge-rays were used to determine the contour of the reflector with a single 
acceptance angle. For the tailored edge-ray method, an entire family of edge rays was 
used to determine the reflector geometry with a desired irradiation. The acceptance 
angle function for reflector shape based on the radiation pattern at the source and on the 
target was given by Winston and Ries [146]. Ries and Winston [147] applied the 
method to obtain a constant irradiance to ±43° with constant brightness from a 
cylindrical source. Later, the method was used for a concentrator design. Gordon and 
Ries and Gordon [148, 149] applied tailored edge-ray method to design a secondary 
concentration of 2-D and 3-D parabolic and Fresnel systems. Despite the benefits of the 
tailored edge ray method, the method is still limited to the practical assumption of 
perfect optics. 
2.1.3 Flow-Line Method  
A flow-line method is also a generally used technique in non-imaging optical system 
analysis. This method is also known as the geometric vector-flux approach. In this 
method, light propagation is manipulated by means of “phase space”‎whose‎dimensions‎
are twice the ordinary space. Similar to fluid dynamics, the phase space consists of both 
the position and momentum of fluid particles. In optics, the momentum of a light ray is 
obtained by multiplying its direction with the refractive index of the medium (ray 
flows). The method of analysing the optics by means of phase space is useful, the 
quantities related to the physical law of radiation propagation is conserved. The quantity 
is geometric vector flux, which is similar to the volume conservation in incompressible 
flow. In this way, the flow lines are mapped in vector phase space for a Lambertian 
source. Based on the information of the flow lines, the reflector geometry surfaces are 
deduced, in which geometric vector flux is conserved. Winston and Welford [107, 150] 
described the overall method of tailored edge ray method in detail with various 
examples. 
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2.2 Design and Method of Optimisation  
Using the various types of design methods of solar concentrator, Winston, Miñano et al. 
and Garcia-Botella [89, 142] designed a hyperboloid of revolution. It was stated that, 
the hyperboloid designs can be optimised to improve the performance by using the 
elliptical cross section of the concentrator, such as an elliptical hyperboloid solar 
concentrator. In the elliptical hyperboloid design, there are many parameters, such as 
major receiver axis, minor receiver axis, concentrator height and concentration ratio that 
needs to be optimised for higher optical efficiency with a wider acceptance angle. In 
order to optimise the design of a 3-D elliptical hyperboloid, as a primary reflecting 
surface, the study of 2-D and 3-D hyperboloid solar concentrator is carried out in the 
present thesis. 
2.3 Design of a 2-D Hyperboloid Concentrator  
To study and optimise 2-D hyperboloid concentrators (HC), first a 2-D design of the 
hyperboloid concentrator was carried out. In designing the 2-D hyperboloid 
concentrator, a 2-D ray tracing of hyperboloid concentrators (HC) has been carried out 
using MATLAB software. 2-D ray tracing simulation code was written in MATLAB 
and code details are presented in Chapter 3. The influencing parameters for optical 
efficiency such as incidence angle, concentrator height, and receiver diameter and 
concentration ratio have been investigated in the 2-D ray tracing analysis. An extensive 
investigation of 2-D ray tracing technique was adopted to calculate the optical 
efficiency of the hyperboloid concentrator. It is very clear that the optical efficiency is 
directly proportional to the receiver diameter. As the receiver diameter increases, the 
optical efficiency also increases and the concentration ratio decreases. 
2.3.1 Theoretical Model of 2-D HC 
For non-imaging concentrators, an interesting feature is the distribution of energy over 
the receiver area. In CPCs, the flux on the receiver of the CPC is well distributed for 
wider incidence angles. The flux distribution on the receiver is homogeneous and it is 
varying along the whole receiver length. The flux distribution of energy in CPCs is 
varied with the incidence angle and it is asymmetric in nature. The flux distribution at 
the receiver of the CPC is given by Luminosu, Zaharie et al [105], 
 

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Where, 
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Io is total energy flux of radiation at aperture, Ii the Energy of the individual ray 
considered, τg  the Energy loss factor during transmission through the glass cover, τd is 
Energy loss factor during transmission through concentrator material, ρ  is Reflection 
loss factor for reflector, N is Number of rays considered and j is Number of reflections 
of individual rays.  
 
In the flux distribution, high intensity occurs at some positions. This is due to 
concentration of radiation by the sides of the hyperboloid concentrator. In order to 
evaluate the optical performance for complicated geometries, ray tracing techniques are 
appropriate to evaluate the performance. Optical analysis by ray tracing have been 
studied in solar devices by many researchers. A summary of the ray tracing related to 
solar energy context is also provided by Luminosu, Zaharie et al. and Spencer and 
Murty [104], [151]. The optical analysis of a novel tubular solar thermal collector (cusp 
mirror and cylindrical heat pipes ) is presented by Ortabasi and Buehl [152]. The optical 
performance of a CPC were studied by El-Assay Cairo and Clark [153]. Luminosu, 
Zaharie et al. [106] presented the optical analysis of a CPC solar collector with four 
different absorber-envelope configurations. The effect of the non-uniform distribution 
of the absorbed solar radiation on flat receivers combined with symmetric and 
asymmetric CPC-type reflectors were studied by means of ray tracing [154]. Ray 
tracing is a promising technique to evaluate the optical performance of solar 
concentrators. In ray tracing analysis, all the incident rays are assumed to to be parallel 
and have equal energy. After entering through the aperture of the hyperboloid 
concentrator, some of the rays directly reach the receiver without any reflection. Some 
of the rays are reflected back out of the concentrator. Few rays may be undergoing total 
internal reflection by the hyperboloid surface. The ray may be reflected more than once 
before reaching the receiver. Some of the rays may exit after a finite number of 
reflections within the concentrator. In the present research work, a ray tracing technique 
is used to evaluate the optical performance of a hyperboloid concentrator. All the 
incident rays are taken as parallel and have an equal amount of energy. The vector form 
of reflection law in ray tracing technique is given in Eq. (2.2): 
  nrnrr incincreft

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Where, 
Chapter 2: Design and optical ray tracing procedures for static 2-D and 3-D EHC 
39 
rreft. is direction vector of the reflected ray, rinc is incident direction of the incoming ray 
and  and n is normal to the surface.  
 
The ray coming through the aperture of the concentrator can reach the receiver directly 
or by one or two reflections. Some of the rays may escape after two or three reflections. 
Rays may be reflected one, two or more times before reaching the receiver [155]. The 
schematic of the number‎of‎ray’s‎incident‎on‎the‎aperture‎of‎the‎HC‎is‎shown‎in figure 
2.2.  
 
Figure ‎2.2: Schematic of 2-D Hyperboloid Concentrator 
It is also evident that rays coming through S1 S2, may be reflected back and forth 
between the reflectors S1 K1 and S2 K1 multiple times before reaching the receiver. Some 
of the possible behaviours of the rays entering the concentrator are: reaches the receiver 
without any reflection (r1); reaches the receiver with reflection within the concentrator 
(r2); reaches the receiver with two reflections within the concentrator (r3); escape from 
the concentrator through the aperture after two or more reflections (r4). 
2.3.2 Optical Modelling of the 2-D HC Using Ray Tracing Modelling  
2-D ray tracing simulation code was developed for 2-D hyperboloid concentrator using 
MATLAB software. The flow chart for the 2-D ray tracing technique is given in figure 
‎2.3. 
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Figure ‎2.3: Flow Chart of the MATLAB Simulation Code for Ray Tracing of 2-D HC 
 
The effects of incidence angle, concentrator height and receiver diameter on optical 
efficiency for 2-D HC were investigated. The incident rays are simulated in MATLAB 
software in an anticlockwise direction to follow the daily path of the sun. The 
hyperboloid concentrator profile was generated by defining the input vectors for x 
values for the surface and the y values of the surface defined by its mathematical 
equation in 2D  
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Where,             and       
  
 
   
Equation of rays is 
                                 (2.4)    
Where,  C is Intercept of the y axis at defined intervals. 
Inputs are assumed which are:  
 The length of the major semi axes (a)  
 The length of the minor semi axes (b)  
 The angles of incidence (θ)  
 x = [-500:500] depending in concentration ratio 
The value of x is assigned to be equal to the surface x values and the intercept is defined 
to start at -1000 to 1000 at intervals of 10. The slope of the incident rays and reflected 
rays are calculated based on the tangent of the incident angle. The angles of incidence 
are considered in the range of ±90˚.‎Therefore‎alpha‎is‎taken‎from‎ -90˚‎to‎+90˚. If the 
parallel rays intersect on a curved reflecting surface, the rays after reflection will not 
proceed to the point, instead the rays spread in a wider range of angles. This wider range 
of angles forms a radiation characteristics pattern. The algorithm used to develop 
MATLAB code for the 2-D hyperboloid ray tracing is described below. A fully written 
MATLAB code is given in appendix A. The algorithm is: 
 Define hyperboloid geometric profile (equation of the reflector) 
 Define incident rays (vector) 
 Calculation of the intersection point 
 Define the tangent plane and normal vector  
 Calculate the reflecting line (vector)  
 Programming steps 2-steps 5 in a loop 
 Plot the geometric of solar concentrator. 
 
2.4  Optical Modelling of a 3-D HC Using Ray Tracing Modelling  
OptisWork is commercially available optical software, which is used in the present 
research work for theoretical simulation of a 3-D hyperboloid concentrator. In 
SolidWorks software, the OptisWork application such as architecture and lighting are 
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incorporated. OptisWork provides an excellent solution for ray tracing of the optical 
study of the 3-D EHC by considering different physical design characteristic features. It 
also includes the feature for changing the orientation of the light source and surface 
properties of the concentrator surface. 
In the ray tracing simulation of OptisWork, optimisation of the optical performance of 
static 3-D EHC are to be investigated. Through OptisWork software, optical efficiency 
(ηopt) and the geometrical concentration ratio (CRg), concentrator height and the aspect 
ratio of both the receiver and the aperture of concentrator are to be investigated for 3-D 
EHC. Besides, optical flux distribution of the 3-D EHC can also be studied and 
analysed in OptisWork. Different names have been given for optical flux distribution in 
several literatures. For clarification, Schweiger, Mendes et al. [64] used the term 
“energy‎distribution”‎in‎their‎ray‎tracing‎study‎on‎the‎CPC.‎Wei, Lu et al [156] used the 
term “concentrated‎spot‎distribution” for flux distribution in the optical study of beam-
down solar concentrator system using the optical software ZEMAX. Chen and Hopkins 
and Li [72, 157] used‎ the‎ term‎“flux‎densities‎distribution”‎ for the ray tracing optical 
study of the trough funnel concentrator.  
2.4.1 New 3-D Elliptical Hyperboloid Non-Imaging Solar Concentrator 
The present thesis proposed a 3-D solar concentrator for process heat applications. The 
entry aperture of the concentrator has to be designed in such a way that it allows the 
sunlight onto the receiver for wider acceptance angles. The 3-D circular hyperbolic 
concentrator with circular exit were designed by Garcia-Botella [89]. Instead of 
considering, circular concentrator cross section, a trumpet (hyperbolic) concentrator 
cross section (sides of the concentrator) is discussed extensively in Chapter 4. On the 
other hand, the design of the 3-D EHC cannot be obtained from the revolution of a 2-D 
profile. The design of the proposed 3-D solar geometry concentrator is based on three 
main geometrical parameters, which are discussed below. The first parameter is an 
elliptical entry aperture that allows the solar radiation to enter into the concentrator. In 
order to allow the maximum collection of light rays, the length of the elliptical major 
axis related to the elliptical entry aperture needs to be optimised based on the 
acceptance angle of the geometry [99, 107]. The second parameter is an elliptical exit, 
which deviates from the conventional 3-D solar concentrator. The third parameter is a 
hyperboloid profile, which connects the elliptical entry aperture and elliptical exit.  
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Based on these three parameters, the configuration of the geometry is named as 
Elliptical‎Hyperboloid‎Concentrator‎(EHC).‎The‎joining‎of‎the‎‘elliptical‎entry‎aperture’‎
and‎‘elliptical‎exit receiver’‎by a hyperboloid profile generates a smooth 3-D geometry. 
The generated geometry is an innovative design, which has not been examined or 
studied by researchers in the literature as per the author’s‎ knowledge.‎ The‎ idea‎ of‎
creating smooth 3-D elliptical hyperboloid concentrator geometry shows a lot of 
strengths. In the literature review, it was found that the hyperbolic profile in non-
imaging concentrators shows improved performance in acceptance angle and energy 
collection [59-62, 104, 107]. It was also stated that the 3-D solar concentrator based on 
the hyperboloid revolution has the ability of concentrating all the incoming solar rays 
[158].  
 
The design features of the elliptical hyperboloid concentrator are given in figure 2.4 (a) 
and (b). In the parametric equation that describes the 3-D EHC, there is a link between 
each hyperboloid segments and the angle formed in which a hyperboloid segment is 
subtended is shown in figure 2.4 (c) and (d). The terminology description of the EHC 
and the dimension of the EHC are also given in figure 2.4. They are: 
 A: Major axis of the elliptical entry (Aperture). 
 B: Minor axis of the elliptical entry (Aperture).  
 a: Major axis of the elliptical exit (Receiver). 
 b: Minor axis of the elliptical exit (Receiver). 
 H: Height of the EHC solar concentrator.  
 ώ: Angles between different planes and the major axis.  
The EHC geometry consists of four symmetric sections, which are shown in figure 2.4. 
The first symmetry section lies in xz plane and the second symmetry section is in the yz 
plane. This results in two symmetric sections of EHC geometry. In one section, two 
different cases are considered. The hyperboloid branch connects the right side of the 
elliptical exit receiver (dotted line in figure 2.4 (d),) start at x = a for different values of 
y between 0 and b. The hyperboloid branch located in planes perpendicular to the xy 
plane makes an angle ώ with xz plane. The angle ώ is varying from 0˚‎ to‎ 90˚. The 
hyperboloid branch connects the left side of the elliptical exit aperture (dark black line 
in figure 2.4 (d),) start at y = B for different values of x between 0 and A. The 
hyperboloid branch located in planes perpendicular to the xy plane makes an angle ώ 
with xz plane and varies from 0˚‎to‎90˚.  
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Figure ‎2.4: Development of 3-D Elliptical Hyperboloid a) Isometric, b) Front View, c) 
Top View, d) Position of Hyperboloid Branches and e) Four Symmetric Section 
2.4.2 Design and Conceptualization of 3-D EHC 
The proposed and designed configuration of the EHC is shown in figure 2.5. The EHC 
will redirect the incoming radiation within a half acceptance angle (φ/2). The EHC is 
symmetric along vertical Y axis. At any vertical plane, each surface of the EHC is a 
tilted hyperboloid. As shown in figure 2.5, the geometry of the EHC is defined by two 
parameters namely, the receiver semi major axis (a) and receiver semi minor axis (b). 
The equations (2.6 and 2.7) are used to generate the concentrator profile coordinates. 
Based on the equation developed by Gracia et al. [99], the design of hyperboloid 
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concentrator is carried out. In order to optimise the 3-D solar concentrator profile, the 
equation is modified to design different dimensions of concentrator profile such as 
concentrator height, concentration ratio and aspect ratio of the ellipse. In the present 
thesis, the optical analysis of 3-D static EHC geometry are carried out to find the 
optimum concentration and optical efficiency using the ray tracing technique; these are 
discussed in later sections of the thesis.  
 
If a = b, it is a hyperboloid of equal revolution, and is also called a circular hyperboloid. 
 
  
  
 
  
  
 
  
  
          (2.5) 
 
y1 is coordinates of the profile connecting the end points of the major axis, A and a as 
shown in figure 2.5 and is given by 
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y2 is the coordinates of the profile connecting the end points of the minor axis, B and b 
as shown in figure 2.5 and is given by: 
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The geometric parameters involved in the design of the concentrator are shown in figure 
2.5.  
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Figure ‎2.5: Geometric Parameters of Elliptical Hyperboloid Concentrator 
 
The optical efficiency (ηopt) is given as [6]: 
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The geometric relation between the areas of entrance of the concentrator over the exit 
area, and it is given as: 
r
p
g A
A
CR          (2.9) 
Where 
Ap is aperture area of the entrance of the concentrator aperture area  
Ap = Π × A × B 
Ar is aperture area of the exit of the concentrator aperture (receiver area) 
Ar = Π × a × b 
The effective concentration ratio is defined as geometric concentration ratio to the 
optical efficiency. The effective concentration ratio is therefore given as: 

opteff
CRgC .         (2.10) 
Where 
Ceff  is effective concentration ratio, CRg  is geometric concentration ratio  and  ηopt is 
optical efficiency 
2.4.3 Material of Elliptical Hyperboloid Concentrator  
Normally, mirrors are expensive and fragile. Currently, the mirrors are replaced with 
metalised (silver) plastic films. Compared to mirrors, the films are very cost effective. 
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Moreover, low-end reflector - Mylar‎type‎“mirror‎films”‎will‎last‎for‎five‎years without 
deterioration of the reflectivity. Reflectors from Sky Trough/NREL, and 3M film are 
UV stabilised with high reflectivity of 94% or more (Reflectech, 2010) and 3M solar 
film (3M, 2011). Another film product developed by silver-based ReflecTech® is 
mirror film and has a specular reflectance is (ρ= 0.94). The films are lightweight with 
high mechanical strength. In the present thesis, the reflective film of 94% reflectivity is 
used in the EHC. 
2.5 Ray Tracing Procedure in OptisWorks 
The procedure for simulating the ray tracing analysis using OptisWorks software is as 
follows: modelling of the geometry; surface definition of solar concentrator; modelling 
of the source; illuminance detector and initiating the program with set of rays. 
2.5.1 Modelling the Geometry 
The new 3-D EHC geometric profile was created using SolidWorks software through 
the coordinates specified in Microsoft Excel. The coordinates of the geometry were 
generated from equation 2.6 and 2.7. In order to integrate the OptisWork and solid 
works software for the ray tracing simulations, the new solar concentrator were created 
in CAD software; this is shown in figure 2.6. 
 
Figure ‎2.6: Geometry of EHC in Optisworks 
 
2.5.2 Surface Definition of Solar Concentrator  
After creating the geometric model of the Solar Concentrator using the SolidWorks 
software, the properties of the different surfaces in which the solar radiations travel 
Solar Concentrator 
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through were defined. The internal reflecting material was defined as 94% because of 
high reflectivity of the reflecting material, the intermediate material was defined as 
Plymetry Metharcrylate (PMMA) and the external material was defined as air because 
of the external atmosphere. 
2.5.3  Modelling of the Source 
In OptisWork software, a circle/ellipse was drawn to create the source of solar radiation. 
The area of the circle or ellipse should be higher than the aperture of the concentrator 
profile, as shown in figure 2.7. The internal surface of the source was defined as 
polished aluminium and air is considered as the external material. The source of light 
was defined to be applied at different incident angles on the elliptical entry aperture of 
the EHC. And the source is set up to generate 10 Mega rays, each ray having a uniform 
radiation intensity of 1000 W/m
2
. This energy corresponds to 10000 rays per 1 mm
2
 
resulting in a light resolution and precision in the ray tracing simulation. 
 
 
Figure ‎2.7: Source of Solar Radiation with the 3-D EHC 
 
A xenon arc lamp was used as a light source in the solar simulation that emits a 5800 K 
blackbody spectrum [159]. The intensity of the light rays generated by the source is 
considered as lambertian with a limited half angle equal to 0°. That means that all the 
rays generated by the light source are parallel and perpendicular to the surface of the 
light‎source.‎“A‎lambertian‎surface‎that reflects or emits equal to (isotropic) luminance 
in all direction”‎[160], meaning that all of the rays are emitted in one direction, making 
an angle 0° to the normal of the surface of the light source. This assumption made for 
the light source helps to investigate the optical performance and behaviour of the EHC 
Source of Solar Radiation 
Solar Concentrator
Aperture
Receiver
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concentrator for different angles of the incident rays. In the simulation, the angle can be 
varied from ± 90° to model the angular movement of the sun. 
2.5.4 Illuminance Detector 
The radiation source and the concentrator geometric profile were drawn in the 
OptisWork software, which is shown in figure 2.8. Two radiation/illuminance detectors 
were created. They were an aperture detector and a receiver detector. The aperture 
detector is placed at the entry of the EHC to measure the incoming radiation flux in 
W/m
2
. The receiver detector is placed at the exit of the EHC to measure the total energy 
absorbed by the receiver of the EHC. 
 
(a)      (b) 
Figure ‎2.8: (a) Aperture of the Concentrator Detector; (b) Receiver Detector for 
Incoming and Absorbing Solar Radiation Measurement 
 
The optical efficiency of the geometric profile is defined as the ratio of the absorbed 
flux in the receiver to the incoming incident flux. The optical efficiency of the EHC 
(ηopt) is calculated according to Eq. 2.11. 
      
                 
                 
  100      (2.11) 
Where 
                 ) is the flux in W/m2, measured by the detector at the entry 
aperture and                   is the flux in W/m2, measured by the detector at 
the exit (receiver).  
2.5.5 Simulation of ray tracing 
After creating the detector at the entry and exit of the concentrator, the geometry can be 
readily used for simulation. The initial numbers of rays are set in the source. Once the 
Aperture detector
Source of solar radiation
Solar concentrator 
Solar concentrator Receiver detector
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program is run, the rays pass through the source and enter the concentrator. As it is 
discussed, some of the rays are directly absorbed at the receiver; some of the rays pass 
reflected to and from and escape the concentrator. After multiple reflections, some of 
the rays enter the receiver region. The simulated ray tracing and flux distribution with 
incoming solar radiation from source and EHC is shown in figure 2.9. 
 
Figure ‎2.9: Simulated Ray Tracing and Flux Distribution with Incoming Solar Radiation 
from Source and EHC 
2.5.6 Theoretical Performance Analysis of 3-D HC 
Modelling and analysis of the 3-D EHC was carried out using the software Optis
TM 
[161, 162]. Different dimensions of receiver major and minor axis with the concentrator 
height were studied. To improve the performance and consequently to reduce the EHC 
material, effect of truncation of the 3-D EHC was also analysed. Based on the ray 
tracing, the Optis
TM 
software was used as the simulation tool to investigate the optical 
efficiency of the EHC. With the aid of the CAD software packages SolidEdge and 
SolidWorks, the geometry of EHC was created for different aspect ratios of the receiver, 
concentrator height and geometrical concentration ratios. The mirror is considered as 
the internal material used for the analysis of the rays, whose reflectivity is 0.94. The 
source of the solar radiation was varied to achieve different angles of incident rays at 
the entry of the aperture of the EHC. The radiation source was positioned to produce 10 
Mega rays with an intensity of 1000 W/m
2
. SolidWorks was used to illustrate the 
incident rays to enable a visual check on the degree of reflectivity of the internal 
concentrating surfaces of the EHC. Depending on the incident angle, the light ray will 
reflect on the internal surfaces of the EHC. For calculation purposes, the perpendicular 
incident angle to the aperture of the EHC was taken to be at 0°. Two luminance 
detectors were placed at the entry of the aperture and the exit of the concentrator of the 
EHC. The detectors measure the flux and energy of the incoming rays at the aperture 
Solar concentrator 
Source of solar radiation
Rays
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and concentrated rays at receiver of the EHC. The optical simulation stages of the 
optical model and geometric design are summarized in figure 2.10. The design of the 
elliptical hyperboloid to achieve optimum configuration is complex in nature. In order 
to formulate an optimisation problem, the first step is to define a mathematical formula 
for the hyperboloid shape. The parameters involved in the mathematical equation 
depend on a set of design parameters that represent the shape of a design, such as 
concentration ratio, concentrator height and receiver aspect ratio. The minimum aspect 
ratio corresponds to the ideal design performance. Two important concepts are 
considered for optimisation; i.e. for maximum power collection, to minimise radiation 
that enters the aperture of the system and does not arrive at the intended receiver, to 
achieve some desired irradiance distribution. On the other hand, the goal is to minimise 
the function, which measures the deviation between expected and resulted radiation 
pattern. Finally, an optimisation technique is employed to obtain the optimum design 
configuration. In addition, the value of y1 (which connects the major axis dimensions of 
A and a, as shown in figure 2.5) and y2 (which connects minor axis dimensions of B and 
b, as shown in figure 2.5) have to be found. Once the value of y1 and y2 are obtained, the 
3-D elliptical hyperboloid concentrator is drawn using CAD software SolidWorks, for 
different concentrator heights and cross section of the ellipse. 
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Figure ‎2.10: Flow Chart of Optical Simulation 
2.6 Optimisation of the EHC 
In order to optimise, the ray tracing simulation can be carried out for different EHC 
concentrator with:  
 Different geometrical concentration ratios varying from: 5 to 30 
 Different dimensions of the geometry  
The objective of the ray tracing simulations is to optimise the dimensions of the EHC 
concentrator with respect to its optical performance. The optimisation process passes 
through different stages, starting from obtaining the optimum profile of the entry 
aperture and exit receiver of the EHC, to obtaining the optimum concentration height 
and geometrical concentration ratio. The optimisation of the shape of the elliptical 
aperture and receiver starts from a circle when a = b, moving to different aspect ratio of 
both the aperture and receiver (a/b), where, a is the receiver major axis and b is the 
receiver minor axis. 
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2.7 Closure 
In this chapter, a 3-D elliptical hyperboloid geometric design of solar collectors was 
considered. Three different methods of design of solar concentrator were presented. A 
review of the concepts and techniques used in designing the solar concentrator shape in 
terms of mathematical equations was also discussed. The modification of the equation 
of solar concentrators to produce 3-D EHC design was presented. The use of MATLAB 
code and Optis software to produce ray tracing for the design of the 2-D HC and 3-D 
EHC respectively was highlighted. The analysis of the fabrication of the 3D-EHC was 
also presented. By using the ray technique that has extensively explained in this chapter, 
the optimisation of the different optical characteristics such as optical efficiency, 
concentration ratio (CR), height of concentrator  (HC) and receiver aspect ratio (AR) of 
the 2-D HC and  the 3-D EHC are further investigated in chapter 3.  
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CHAPTER 3: OPTICAL PERFORMANCE OF A STATIC 2-D AND 
3-D EHC 
In this chapter the results of 2-D hyperboloid concentrator (2-DHC) and the 3-D static 
hyperboloid concentrator (3-DEHC) have been reported. The optical efficiency, 
effective concentration ratio, receiver aspects ratio, concentrator height and 
concentration ratio have been investigated through ray trace analysis. The optimisation 
of the concentrator profile and geometry is also carried out. The flux distributions of the 
receiver were obtained for concentrator profile. 
3.1 Introduction  
In the past few decades, the use of concentrating technology in the solar thermal 
applications is increased tremendously. Along with the concentrator system, the 
tracking system is also used to track the sun continuously from east to west. This would 
increases the overall cost of the system. To overcome this, a static hyperboloid 
concentrator is used in the solar thermal application of desalination. In order to study 
the feasibility analysis, a static 2-D and 3-D hyperboloid concentrator have been 
considered for ray tracing. First, a detailed 2-D ray tracing simulation code for 
hyperboloid concentrator has been developed in MATLAB. The optical efficiency have 
been investigated through ray trace analysis by varying large number of parameters such 
as incidence angle, concentrator height, receiver diameters and concentration ratio. 
Later, 3-D optical analysis is performed to investigate the effects of the degree of 
curvature of the hyperboloid shape on the optical perfomance. The optical efficiency of 
the 3-D static hyperboloid concentrator has been evaluated using ray tracing optic 
software. The performance parameters such as effective concentration ratio, and 
geometric concentration ratio are also evaluated for different aspect ratios of the 
elliptical profile. The optimisation of the concentrator profile and geometry is also 
carried out by varying the concentrator height, solar incidence angle and aspect ratio of 
the ellipse. The flux distribution on the receiver area for different concentrator aspect 
ratio of the ellipse is also carried out. Thus, the overall performance of the concentrator 
was obtained based on the optical efficiency, effective concentration ratio and 
acceptance angle. 
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3.2  Optical Analysis of 2-D Hyperboloid Concentrator  
3.2.1 2-D Hyperboloid Concentrator  
The acceptance angle is one of the important parameters for determination of optical 
efficiency. The angle subtends between the extreme rays of concentrator aperture and 
optical axis of the receiver is called half acceptance angle (Ø/2). For a fixed concentrator 
height (0.4 m) and receiver diameter (0.2 m), the 2-D hyperboloid curvature for 
different concentration ratio (5, 10, 15, 20 and 25) is obtained. The 2-D 
hyperboloid curvature for different concentration ratio is shown in figure 3.1. It is clear 
that the aperture area of the concentrator of 5 is five times higher than that of area of 
the receiver. As the concentration ratio increases, the half acceptance angle also 
increases. In order to see the variation of concentrator height on the acceptance angle, 
the concentrator height is varied for a fixed concentration ratio of 20 and receiver 
diameter of 0.2 m. The concentrator height is varied from 0.4 m to 1 m (0.4 m, 0.8 m, 1 
m). The 2-D hyperboloid concentrators of different height (0.4 m,0.8 m and 1 m) are 
shown in figure 3.2. It is found that as the concentration ratio increases, the half 
acceptance angle also increases. In order to compare all the hyperboloid curvatures are 
superimposed. Ray tracing simulation were carried out to study the effect of change in 
the different optical parameters on optical efficiency.  
 
Figure ‎3.1: 2-D Hyperboloid Curvatures for Different Concentration Ratio 
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Figure ‎3.2: 2-D Hyperboloid Curvature for Different Concentrator Heights (0.4 m, 0.8 
m, 1 m) 
3.2.2 Ray tracing Technique for Hyperboloid Concentrator 
In ray trace analysis, the sun rays are modeled to redirect the maximum fraction of 
incoming radiation onto the receiver diameter. The basic laws of optics (reflection) are 
used to model the behavior of the rays at the incident surface. In the ray trace analysis, 
the concentration ratio of 20× and the receiver diameter of 0.1 m are considered (located 
at the bottom of the concentrator). The incident angle is varied from 0 to 90 in the 
anticlockwise direction. The sun rays are perpendicular to the collector aperture at 0 
(normal sun rays). At a 90 incident angle, the sun rays are horizontal. Ray tracing 
analysis is carried out for different incidence angle (0°, 15°, 30°, 45° and 60°) and for 
different concentrator heights (0.2 m, 0.4 m and 1 m). Ray tracing diagrams for 
concentrator height of 0.4 m and 0.2 m for different incidence angles of 0°, 15°, 30°, 
45° and 60° are shown in figure 3.3. The ray tracing for concentrator height of 0.1 m for 
incidence angles of 0°, 15°, 30° and 45° is shown in figure ‎3.4. 
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Figure ‎3.3: Ray Tracing Diagrams for Concentrator Heights of 0.2 m (top five) and 0.4 
m (Bottom Five) for Different Incidence Angles (a) 0°, (b) 15°, (c) 30°, (d) 45° and (e) 
60° 
a b
c d e
a b
c d e
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Figure ‎3.4: Ray Tracing Diagrams for Concentrator Heights of 1 m for Different 
Incidence Angles (a) 0°, (b) 15,° (c) 30° and (d) 45° 
The 2-D optical performance of the hyperboloid concentrator is predicted based on the 
parameters such as geometrical concentration ratio (CRg), geometrical concentrator 
profile and the height of concentrator (H). The optical efficiency is found based on the 
ratio of the total number of rays absorbed at the receiver to the total number of rays 
incident at the aperture of concentrator. In order to predict the optimum configuration of 
the hyperboloid concentrator, simulations were carried out so that the effect of one 
parameter (concentrator height) on the optical efficieny is varied and the other 
parameters are fixed as a constant (area of the concentrator aperture, receiver width). 
3.2.3 Optical Efficiency of 2-D Hyperboloid Concentrator (2-D HC) 
The impact of concentration ratio and concentration height on optical efficiency is 
investigated for different geometrical concentration ratios and concentrator heights. The 
concentrator height is varied from 0.1 m to 1.0 m over the angular range of ±90° (sun 
incidence angle). The geometrical concentration ratio is also varied from 5× to 25×. The 
variation of optical efficiency for different concentrator heights (0.1 m, 0.2 m, 0.3 m, 
0.4 m, 0.5 m, 0.6 m, 0.7 m, 0.8 m, 0.9 m, 1 m) and concentration ratios (5×, 10×, 15×. 
20× and 25×) are shown in figure 3.5. It is observed that the increase in the concentrator 
height increases the optical efficiency. The optical efficiency decreases for increasing 
the concentration ratio. For a fixed concentrator height of 0.4 m, the effect of 
a b
c d
Chapter 3: Optical performance of a static 2-D and 3-D EHC 
 
59 
concentration ratio on optical efficiency is given in Table ‎3.1. It is found, at lower 
concentration ratio (e.g. 5×), the optical efficiency is found to be 51%. And optical 
efficiency of 28% is observed for CR of 10×. Beyond 10× (15×, 20×, 25×), the variation 
of optical efficiency is not significant (15%, 14%, 12%) and acceptance angle of ±30 is 
observed for the CR of 15×, 20×, 25×. It is concluded that the hyperboloid concentrator 
of 20× can be used to harness large amount of energy over a period during the day with 
average (not high) optical efficiency and has average energy flux distribution 
throughout the day. 
 
(a) 5×  
 
(b) 10× 
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  (c) 15× 
 
(d) 20× 
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(e) 25× 
Figure ‎3.5: Variation of Optical Efficiency with Solar Incident Angle for 2-D 
Hyperboloid Concentrator for Different Concentration Ratios (5×, 10×, 15×. 20× and 
25×) and Different Concentrator Heights 
 
Table ‎3.1: Variation of Optical Efficiency and Acceptance Angle for Different 
Concentration Ratio of Hyperboloid Concentrator Height of 0.4 m 
2-D Hyperboloid Concentrator 
Concentration Ratio 
(CR) 
Acceptance Angle 
(°) 
Optical Efficiency 
(%) 
5 ±15 51 
10 ±15 28 
15 ±30 15 
20 ±30 14 
25 ±30 12 
 
3.2.4 Effect of Concentration Ratio on the Optical Efficiency  
At concentrator height of 0.4 m and major axis is 0.1 m; the effect of concentration ratio 
on the optical efficiency is investigated. The concentration ratio is varied from 5× to 
25×. The optical efficiency is evaluated for different concentration ratios and solar 
incidence angle and the variation of optical efficiency is shown in figure 3.6. As the 
geometrical concentration ratio increases, the optical efficiency decreases. For 
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concentration ratio of 20, the variation of optical efficiency is found to be 19%, 14% 
for the corresponding acceptance angle of 0 and 30.  
 
Figure ‎3.6: Variation of Optical Efficiency for Different Geometrical Concentration 
Ratio and Incidence Angles at Concentrator Height 0.4 m 
3.2.5 Effect of Variation of Receiver diameter on Optical Efficiency  
Ray tracing analysis is carried out for 2-D hyperboloid concentrator of 20× and the 
incidence angles are varied from 0 to 45. The ray tracing diagram for 2-D hyperboloid 
concentrator with different receiver diameter for various incidence angles are shown in 
figure 3.7. Depending on the total number of rays absorbed at the receiver, compared to 
the total number of rays incident at the aperture of concentrator, optical efficiency is 
obtained for the various receiver diameters. The optical efficiency is obtained for a fixed 
concentration ratio of 20× and concentrator height of 0.4 m. The receiver diameter is 
varied from 0.01 m to 0.1 m. The increase in the receiver diameter, leads to wider 
acceptance angle and decreases the optical efficiency. The effect of optical efficiency on 
the receiver diameter for different solar incidence angle is shown in the figure 3.8. It is 
observed the lower receiver diameter leads to higher optical efficiency and lower 
acceptance angle. For higher receiver diameter low optical efficiency and high 
acceptance angle is observed.  
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(a) Receiver Diameter of 0.05 m
 
 
(b) Receiver Diameter of 0.01 m
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(c) Receiver Diameter of 0.1 m
 
Figure ‎3.7: Ray Tracing Diagram for Concentration Ratio of 20× Based on Different 
Receiver Diameters ((a) is 0.05m, (b) is 0.01 and (c) is 0.1 m) and Incidence Angles (0
o
, 
15
o
, 30
o
 and 45
o
) 
 
 
Figure ‎3.8: Effect of Optical Efficiency on the Receiver Diameter for Different Solar 
Incidence Angles 
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3.3  Optical Analysis of 3-D Hyperboloid Concentrator 
3.3.1 3-D Hyperboloid Concentrator 
In the previous section, 2-D analyses of hyperboloid concentrator have been carried out. 
In order to see the effect of curvature on the optical efficiency, 3-D investigations are 
also carried out for the hyperboloid concentrator. To obtain the optimum 3-D elliptical 
hyperboloid configuration and to predict the optimum optical efficiency and effective 
concentration ratio, 3-D ray tracing analysis have been carried out using the software 
Optis
TM 
[161, 162]. The 3-D geometry is created with the aid of the CAD software 
SolidEdge and SolidWorks. The 3-D EHC geometry is designed for different area ratio 
of the receiver, concentrator height and geometric concentration ratios. The effect of 
receiver major and minor axis and the effect of concentrator height on the optical 
efficiency are studied in the 3-D analyses. The effect of truncation are also carried out to 
improve the performance and to reduce the material consumption. The reflectivity of the 
inner material is considered as 0.94. In the SolidWorks, above the top of the 3-D 
geometry source of solar radiation are created with different angles. The source was 
positioned to produce 10 mega rays with energy flux value of 1000 W/m
2
. OptisWorks 
has provisions to check the degree of reflectivity on the internal concentrating surfaces 
of the EHC. The rays perpendicular to the source and aperture opening of the 
concentrator are considered as 0 incident angle. Depending on the incident angle, the 
light ray will reflect on the internal surfaces of the EHC and finally reached the receiver 
area. Two luminance detectors are placed, one at the entry aperture and other at the exit 
concentrator area (receiver area) to measure the incoming flux at the opening aperture 
of the concentrator and outgoing flux at the receiver area of the EHC 
3.3.2 Effect of Receiver diameter and Concentrator Height on Effective 
Concentration Ratio 
The effect of receiver diameter and concentrator height on the effective concentration 
ratio is studied. The effect of ratio of concentrator height and receiver major axis and 
minor axis diameter (H/a & H/b) on the effective concentration ratio is obtained for 
different incidence angles (0, 15, 30, 45) are shown in figure 3.9. It is observed, for 
all the incident angles, the effective concentration ratio increases until the ratio (H/a) 
reaches 4. Beyond this value, the effective concentration ratio decreases for the incident 
angles of 30 and 45. For the incident angles of 10 and 15, the effective 
concentration ratio increases as the ratio of (H/a) increases. It can be concluded that the 
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optimum value is reached at the ratio of (H/a) 4. Beyond this value, the effect of 
increasing the effective concentration ratio is not significant. This is due to the 
incidence angle and the total number of reflection of the internal surface of the 
hyperboloid mirror on the incoming rays. The ratio (H/a) increases the degree of 
curvature of the reflecting surface decreases. For values of (H/a) less than 4, most of the 
rays were reflected away from the aperture. For values greater than 4, a number of the 
rays are reflected inside the profile itself increases before reaching the receiver area. 
Similar effects are observed for the variation of concentrator height and receiver minor 
diameter (H/b). However, there is an abrupt drop in the effective concentration ratio for 
values greater than 20. For values greater than 25, there is little variation observed on 
the effective concentration ratio. 
 
Figure ‎3.9: Variation of Effective Concentration Ratio with (H/a) & (H/b) Ratio 
for Different Incidence Angles 
3.3.3 Effect of Receiver Aspect Ratios on Optical Efficiency 
The effect of aspect ratio (ratio of the receiver major axis to the receiver minor axis) on 
the optical efficiency of the hyperboloid concentrator was carried out to determine the 
optimum receiver dimensions. This study was carried out for a fixed concentration ratio 
of 20×. The ratio of H/a of 4 is considered. By keeping the concentrator height of 0.4 m, 
the source is varied along the receiver major diameter and the aspect ratio is varied from 
1 to 10, to obtain the variation of optical efficiency. Similarly, the source is varied along 
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the receiver minor diameter and the aspect ratio is varied from 1 to 10, to obtain the 
variation of optical efficiency. The variation of the optical efficiency for different solar 
incidence angles and different aspect ratio (a/b) for constant concentrator height and 
concentration ratio are shown in figure 3.10 (a), (b). As the aspect ratio increases, the 
optical efficiency increases till aspect ratio 5. Beyond the aspect ratio 5, there is a drop 
in the optical efficiency of less than 3-4%. In another study, at aspect ratio 5, the effect 
of concentrator height on the optical efficiency for different solar incidence angles is 
also carried out. By keeping the aspect ratio of 5 as constant, the concentrator height 
and the source is varied along the receiver major axis to obtain the variation of optical 
efficiency, which is shown in figure 3.11 (a). In a similar study, the concentrator height 
and the source were varied along the receiver minor axis to determine the resulting 
variation of optical efficiency, which is shown in figure 3.11 (b). From the results it is 
clear that as the concentrator height increases, the optical efficiency increases while the 
acceptance angle decreases irrespective of the receiver major and minor axis diameter. 
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(a) Variation of the Source in Receiver Major Axis Diameter 
 
(b) Variation of Source in Receiver Minor Axis Diameter 
Figure ‎3.10: Variation of the Optical Efficiency for Different Solar Incidence Angles 
and Different Major and Minor Axis Diameter for A Fixed Concentrator Height and 
Concentration Ratio 
3.3.4 Effect of Concentrator Height on Effective Concentration Ratio and Optical 
Efficiency 
In the study of different aspect ratio, it is found that the aspect ratio (a/b) of 5 gives the 
maximum optical efficiency. The study of effect of concentrator height on the effective 
concentration ratio and optical efficiency is carried out for 3-D EHC. The source is 
moving along the major and minor axis diameter for the aspect ratio of 5 and its effect is 
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also investigated. The variation of effective concentration ratio, when the source is 
moving along the receiver major axis diameter for different concentrator heights (0.1 m 
to 1 m) and solar incidence angles is shown in figure 3.12 (a), Similar effects were also 
discovered by varying the source along receiver minor axis diameter is shown in figure 
3.12 (b). As the concentrator height increases, the effective concentration ratio 
increases, optical efficiency increases and acceptance angle decrease. At concentrator 
height of 0.4 m and acceptance angle ±30º, the optical efficiency is 25% and for the 
acceptance angle ±45º, the optical efficiency is 12%, at concentrator height of 0.5 m and 
acceptance angle ±30º, the optical efficiency is 22% and for the acceptance angle ±45º, 
the optical efficiency is 7%. By comparing this, EHC with concentrator height of 0.4 m 
is an optimum design with an acceptance angle of ±45º; give an efficiency of 12%. The 
tabular form of variation of optical efficiency for different solar incidence angles and 
concentrator heights are given in table 3.2. 
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(a) Variation of the Source in Receiver Major Axis Diameter 
 
(b) Variation of the Source in Receiver Minor Axis Diameter 
Figure ‎3.11: Variation of the Optical Efficiency for Different Concentrator Heights and 
Receiver Major and Minor Axis Diameter for Different Incidence Angles 
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(a) Variation with Receiver Major Axis Diameter 
 
(b) Variation with Receiver Minor Axis Diameter 
Figure ‎3.12: Variation of Effective Concentration Ratio, When the Source Is Moving 
Along the Receiver Major Axis Diameter for Different Concentrator Heights (0.1 m to 1 
m) and Solar Incidence Angles at Aspect Ratio of 5 and CR of 20 
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Table ‎3.2: Variation of Optical Efficiency of EHC for Different Solar Incidence Angles 
and Different Concentrator Heights 
H (m) 
Optical efficiency of EHC (%) 
Solar incidence angle along major 
axis,  (°) 
Solar incidence angle along to minor 
axis,  (°) 
0 15 30 45 0 15 30 45 
0.2 14 14 14 14 14 13 3 0 
0.4 28 27 25 12 28 11 0 0 
0.6 34 34 21 0 34 8 0 0 
0.8 39 39 13 0 39 7 0 0 
1 53 38 6.2 0 53 6 0 0 
 
3.3.5 Effect of Concentration Ratio on the Optical Efficiency Using Optimum 
Concentrator Height and Optimum Aspect Ratio  
At concentrator height of 0.4 m and aspect ratio of 5, the effect of concentration ratio on 
the optical efficiency is investigated. The concentration ratio is varied from 5× to 40×. 
The optical efficiency is evaluated for different concentration ratios and solar incidence 
angle and the variation of optical efficiency is shown in figure 3.13. As the 
concentration ratio increases, the optical efficiency decreases. For concentration ratio of 
20, the variation of optical efficiency is found to be 28%, 25%, and 12% for the 
corresponding acceptance angles of 0, 30, and 45. The variation of optical efficiency 
for different concentration ratios and different incidence angles at concentrator height of 
0.4 m and aspect ratio of 5 is also given table 3.3.  
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Figure ‎3.13: Variation of Optical Efficiency for Different Concentration Ratio and 
Incidence Angles at Concentrator Height 0.4 m and Aspect Ratio of 5 
 
Table ‎3.3: Optical Efficiency of EHC for Different Solar Incidence Angles and 
Different Concentration Ratio 
 Optical Efficiency (η %) of EHC, a/b=5 & H=0.4 m 
 
Concentration Ratio 
5 10 15 20 25 30 40 
0 84 49 30 28 15 14 9 
15 68 43 30 27 15 14 9 
30 15 21 21 25 15 14 9 
45 0 1 5 12 14 11 9 
3.3.6 Incidence Angle Modifier (IAM) 
The incidence angle modifier is given by Eq. (3.1) [163]. The IAM variation along with 
the elliptical dimensions, at the concentrator height of 0.4m and concentration ratio of 
20 is shown in figure 3.14.  
        
         
         
       (3.1) 
Where           is optical efficiency for the normal incidence. 
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Figure ‎3.14: Transversal IAM as Function of the Transversal Angle for Major and 
Minor Axis at H = 0.4 m & CR = 20× 
3.4 Effect of Truncation of EHC on the optical performance 
Truncation of the 3-D EHC is also carried out to predict its effect on optical efficiency 
and effective concentration ratio. Because, truncation can reduce the concentrator 
materials with desired output. For the aspect ratio of 5, the variation of the optical 
efficiency with solar incidence angle when the source is moving along the aperture 
major axis and minor axis for different percentage of concentrator heights is shown in 
figure ‎3.15 (a), (b). As the truncation percentage increases, there is an increase in the 
optical efficiency and decrease in the concentration ratio. The corresponding decrease in 
the concentration ratio is also given in the figure 3.15. At 10% truncation of the 
concentrator height, the maximum optical efficiency of 32% is observed and the 
corresponding concentration ratio is dropped to 16.4 (initial CR = 20×). It is also 
observed that no rays are absorbed when the acceptance angle goes beyond 60 and 25 
for the case of the source moving along the receiver major and minor axis diameter. 
Again, for the aspect ratio of 5, the variation of the effective concentration ratio with 
solar incidence angle when the source is moving along the aperture major axis and 
minor axis for different percentage of concentrator heights is shown in figure 3.16 (a), 
(b). By decreasing the concentrator height, a drop in effective concentration ratio and 
geometrical concentration ratio occurs, but there is an increase in the optical efficiency. 
For 10% truncation of concentrator height, the effective concentration ratio is dropped 
to 13%, but the optical efficiency is increased to 13% 
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(a) Variation of the Source in Receiver Major Diameter 
 
(b) Variation of the Source in Receiver Minor Diameter 
Figure ‎3.15: Variation of Optical Efficiency with Solar Incidence Angles for Different 
Truncation Heights along (a) Receiver Major Axis, (b) Receiver Minor Axis. 
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(a) Variation of the Source in Receiver Major Diameter 
 
(b) Variation of the Source in Receiver Major Diameter 
Figure ‎3.16: Variation Of Effective Concentration Ratio with Solar Incidence Angles 
for Different Truncation Heights Along (a) Receiver Major Axis, (b) Receiver Minor 
Axis 
3.5 Energy Flux Distribution at the Receiver of EHC 
In the ray tracing analysis, the energy flux distributions along the receiver major and 
minor axis diameter for three different geometrical aspect ratios (a/b = 1; a/b = 5; 
a/b=10) were carried out. The value of 1000 W/m
2
 is considered as normal flux in the 
simulation. The variation of the flux distributions along the receiver major and minor 
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axis diameter at the concentrator height of 0.4 m for three different aspect ratios are 
shown in figure 3.17. As the aspect ratio varies from 1 to 5, there is a drop in the 
irradiance (in kW/m
2
) at the receiver. Beyond the aspect ratio 5, the increase in the 
irradiance at the receiver is observed. The 3-D flux distributions and flux distribution in 
one plane, and the ray tracing for three aspect ratios are also shown in figure 3.18. It is 
found that the number of rays coming out of the concentrator for the aspect ratio of 1 is 
less than the others. 
  
Chapter 3: Optical performance of a static 2-D and 3-D EHC 
 
78 
 
(a) 
 
(b) 
(c) 
Figure ‎3.17: Variation of Flux Distribution for Different Geometry Aspect Ratios (a), 
Along the Receiver Major Axis Diameter (b) and (c) Minor Axis Diameter 
a/b=1 a/b=5 a/b=10
a
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(a) 3-D Flux Distribution 
 
(b) Flux Distribution in One Plane 
 
(c) Ray Tracing 
Figure ‎3.18: Effect Of Variation of Aspect Ratio of an EHC on (a) 3-D Flux 
Distribution, (b) Flux Distribution in One Plane (c) Ray Tracing 
3.6 Closure 
The 2-D ray tracing simulation code for the elliptical hyperboloid concentrator was 
developed in MATLAB and parametric studies such as the effect of acceptance angle; 
concentration ratio, concentrator height, receiver axis diameter and the effect of 
truncation on the optical efficiency were investigated. The 2-D results reveal that there 
is a possibility of increasing the optical efficiency of the hyperboloid concentrator. 
Hence, to bring the curvature effects 3-D elliptical hyperboloid concentrator optical 
study were also carried out. In the 3-D analysis, the effective concentration ratio 
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increases and acceptance angle decreases for increasing the concentrator height for 
different aspect ratios. In the optical study, it was found that the optimum aspect ratio 
was found to be 5. When compared to circular and elliptical cross section of the 
receiver, the optical efficiency of the elliptical aspect ratio of 5 is three times higher 
than the circular profile. For the concentration ratio and concentrator height of 20× and 
0.4 m, the optical efficiency was found to be 28% for the acceptance angle of ±30°. The 
effect of moving the source along the receiver major and minor axis was studied. 
Finally, the study of effect of truncation was also carried out and it was found that the 
10% truncation of concentrator height reduces the concentration ratio to 16.4.  
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CHAPTER 4: COMPARISON OF OPTICAL PERFORMANCE FOR 
DIFFERENT GEOMETRIC CONFIGURATIONS 
4.1 Introduction 
In the previous chapter, optimisation of 3-D static elliptical hyperboloid concentrator 
(EHC) were presented for wide range of incidence angles and obtained the 
concentration ratio of 20×. To compare the EHC with other geometries, optical 
performance study was carried out through ray tracing technique for four different 
concentrator configurations. The four different configurations were Elliptical parabolic 
concentrator (ECPC) and Circular parabolic Concentrator (CCPC) Elliptical 
Hyperboloid Concentrator (EHC); Circular Hyperboloid Concentrator (CHC). 
Extensive parametric study was carried out to improve the overall performance of the 
concentrator for fixed parameters such as receiver area of 1 m
2 
concentration ratio of 
20 and aspect ratio of the ellipse of 5. The solar incidence angles were varied from 
±90º. The flux distributions of the receiver were obtained for each concentrator profile. 
It was observed that the EHC with wider acceptance angle shows better optical 
efficiency than others. 
4.2 Different Geometric Configurations 
The four different geometries were considered to study the effect of concentrator 
geometric profile on optical performance. The different geometries are Elliptical 
parabolic concentrator (ECPC), Circular parabolic Concentrator (CCPC), Circular 
hyperboloid concentrator (CHC) and Elliptical hyperboloid concentrator (EHC) 
respectively. The profile of the geometries is shown in the figure 4.1. The comparison 
was made between the two different geometric profiles: parabola and hyperbola (both 
are symmetrical along the vertical axis). In each geometric profile, the aperture and 
receiver cross sections were circular and elliptic. To study the optical performance of 
different contours, the height of the concentrator, receiver area and concentration ratio 
were considered to be the same for all four geometric concentrators. The orientation of 
the incidence angle considered in this study is shown in figure 4.2. When the source of 
the‎radiation‎starts‎from‎the‎east‎(sunrise)‎the‎angle‎is‎considered‎to‎be‎+90˚,‎when‎the‎
orientation of the source radiation is perpendicular to the receiver that is at noon, when 
the‎sun‎is‎at‎zenith‎the‎incident‎angle‎is‎considered‎to‎be‎0˚.‎When‎the‎source‎moves‎to‎
the west the incidence angle is ±90˚. 
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(a) Elliptical     (b) Circular 
(i) Parabolic Geometry Profile 
 
(a) Elliptical     (b) Circular 
(ii) Hyperboloid Geometry Profile 
Figure ‎4.1: Profiles of the Various Geometries (i) Parabolic Geometry Profile (ii) 
Hyperboloid Geometry Profile 
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Figure ‎4.2: Different Orientations of the Incidence Angle 
4.3 Ray Tracing and Optical Efficiency of Different Geometries 
The ray tracing analyses were carried out for the four geometries. The methodology and 
concept of ray tracing were given in the Chapter 2. The ray tracing results were obtained 
for the four static 3-D solar concentrators. The ray tracing of parabolic and hyperboloid 
geometry profile with elliptic and circular cross section is shown in the figure 4.3. 
Based on the ray tracing, the optical efficiency was obtained for parabolic and 
hyperboloid geometry for different angle of incidence. The variation of optical 
efficiency of parabolic concentrator for elliptic and circular cross section (ECPC, 
CCPC) for different angle of incidence is shown in figure ‎4.4. It was observed that the 
CPC has higher optical efficiency with peak at 92% but with a narrow acceptance angle 
of‎±‎15˚,‎while‎the‎ECPC has lower optical efficiency with peak at 33% but with wider 
acceptance‎angle‎of‎±30˚‎twice‎that‎of‎the‎ECPC.  
 
Similarly, the variation of optical efficiency of hyperboloid concentrator for elliptic and 
circular cross section (EHC, CHC) for different angles of incidence is shown in figure 
4.5. It was found that the EHC produced higher optical efficiency of 28% for an 
acceptance‎ angle‎ ±30˚.‎ But‎ the‎CHC‎produced‎ lower‎ optical‎ efficiency‎ of 21% for a 
narrower‎ acceptance‎ angle‎ of‎ ±15˚.‎ It is well understood that the parabolic and 
hyperbolic concentrator has some advantages. The parabolic concentrators have higher 
optical efficiencies at lower acceptance angle; such parabolic system can be used along 
with a tracking device. The hyperboloid concentrators have lower optical efficiency at 
wider acceptance angles; such device can be used for non-tracking system. 
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(a) Elliptical    (b) Circular 
(i) Ray Tracing of Parabolic Geometry Profile at Zero Incidence Angle 
 
(a) Elliptical    (b) Circular 
(ii) Ray Tracing of Hyperboloid Geometry Profile at Zero Incidence Angle 
Figure ‎4.3: Ray Tracing of Parabolic and Hyperboloid Geometry Profile 
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Figure ‎4.4: Optical Efficiency of Parabolic Concentrator for Elliptic and Circular Cross 
Section 
 
Figure ‎4.5: Optical Efficiency of Hyperboloid Concentrator for Elliptic and Circular 
Cross Section 
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4.4 Flux Distribution of Different Geometric Configurations 
The flux distributions on the receiver area for different geometric shape and different 
cross sections have been studied. The flux distribution of parabolic profile concentrator 
for circular and elliptic cross section is shown in figure 4.6 (i) and (ii). It was observed 
that the maximum flux value for CCPC was found to be 603.174 kW/m
2
. Similarly, the 
maximum flux value for ECPC was found to be 77.024 kW/m
2
. It is well understood 
that the very high and peak flux occur only at the focal zone of the two parabolas 
(eccentricity = 1). The flux value decreases down based on the Gaussian distribution. 
From figure 4.6 (ii), the peak flux is at the intersection of the major and minor axis and 
also flux decreases and scattered along the major axis of the elliptical section. 
 
(i) Flux Distribution of Circular Parabolic Concentrator 
 
(ii) Flux Distribution of Elliptical Parabolic Concentrator 
Figure ‎4.6: Flux Distribution of Parabolic Profile Concentrator for Circular and Elliptic 
Cross Section 
The flux distribution of hyperboloid profile concentrator for circular and elliptic cross 
section is also shown in figure 4.7 (i) and (ii). It was observed that the maximum flux 
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value for CHC was found to be 497.257 kW/m
2
. Similarly, the maximum flux value for 
EHC was found to be 28.617 kW/m
2
. From the figure 4.7 (i), it is well understood, the 
very high and peak flux occur only at the centre of the receiver area. Due to circular and 
hyperboloid (eccentricity < 1), the width of the flux distribution is very narrow and 
small compared to the CCPC, whereas in the EHC (from figure 4.7(ii)), the flux 
distribution is scattered along the elliptic receiver area. And the peak occurs at the 
intersection of the major and minor axis. In general, the parabolic shape of the 
concentrator produces very high flux with small distributed area. The elliptic shape of 
the concentrator produces low flux with large distributed area. 
  
(i) Flux Distribution of Elliptic Hyperboloid Concentrator 
  
(ii) Flux Distribution of Circular Hyperboloid Concentrator 
Figure ‎4.7: Flux Distribution of Hyperboloid Profile Concentrator for Circular and 
Elliptic Cross Section 
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4.5 Energy Absorbed by Receiver 
4.5.1 Average Energy Absorbed by Receiver of Parabolic and Hyperboloid 
Concentrator 
The average energy absorbed by the receivers of the parabolic (CCPC, ECPC) and 
hyperboloid (CHC, EHC) concentrator of circular and elliptic cross section were studied 
for different incidence angle. It was noted that the CCPC has higher absorbed energy 
flux than ECPC. The CCPC peak flux of 18,000 W/m
2
 occurred at acceptance angle of 
±15 and the ECPC peak flux of 6,000 W/m2 occurred at acceptance angle of ±45. It is 
clearly understood, that CCPC peak flux occurred at lower acceptance angle than EPC. 
Similar study was extended to receiver of hyperboloid concentrator with circular and 
elliptic cross section. It was found that the EHC has higher absorbed energy with peak 
flux of 5,500 W/m
2
 at the acceptance angle of ±60 . Whereas, CHC has lower absorbed 
energy flux of 4,500 W/m2 at narrow acceptance angle of ±45. The variation of 
average energy absorbed by the receivers of the parabolic (CCPC, ECPC) and 
hyperboloid (CHC, EHC) concentrators of circular and elliptic cross section for 
different incidence angle are shown in figure ‎4.8 (a), (b). 
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(a) Average Energy Absorbed by Receiver of Parabolic Concentrator 
  
(b) Average Energy Absorbed by Receiver of Hyperboloid Concentrator 
Figure ‎4.8: Average Energy Absorbed by Receiver of Parabolic and Hyperboloid 
Concentrator 
  
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000
-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
A
ve
ra
ge
 A
bs
or
be
d 
En
er
gy
 (W
/m
2)
Solar Incidence Angle(θ˚)
ECPC
CCPC
Chapter 4: Comparison of optical performance for different geometric configurations 
90 
4.5.2 Daily Average Energy Absorbed By Receiver of Parabolic and Hyperboloid 
Concentrator 
Through ray tracing analysis, daily average energy absorbed by the receiver of parabolic 
and hyperboloid concentrators for circular and elliptic cross section were also carried 
out. The daily average energy absorbed by receiver of parabolic and hyperboloid 
concentrators for circular and elliptic cross section are shown in figure 4.9. It was 
observed that the ECPC absorbed daily average energy of 12.3 kW/m
2
 and the CCPC 
absorbed daily average energy of 20.7 kW/m
2
. Similarly, the CHC absorbed daily 
average energy of 16.1 kW/m
2
 and the EHC absorbed the highest daily average energy 
of 28.8 kW/m
2
 it was observed from figure 4.9. In addition to that, the optical efficiency 
and acceptance angle for different concentrators are given in table 4.1. Under normal 
incidence angle, the average energy flux for different concentrators is given in table 4.2.  
 
 
Figure ‎4.9: Daily Average Energy Absorbed by Receiver of Parabolic and Hyperboloid 
Concentrator 
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Table ‎4.1: Optical Efficiency and Acceptance Angle for Different Solar Concentrator 
Cross Section Acceptance Angle Optical Efficiency 
Parabolic 
ECPC ±30 25% 
CCPC ±15 92% 
Hyperboloid 
EHC ±45 25% 
CHC ±15 24% 
 
Table ‎4.2: Average Energy Flux under Normal Incidence Angle for Different Solar 
Concentrator 
Cross Section 
Flux (at Zenith Angle) 
(W/m
2
) 
Parabolic 
ECPC 5610 
CCPC 17920 
Hyperboloid 
EHC 5390 
CHC 4807 
 
4.6 Effect of Truncation  
In order to see the effect of truncation on the optical efficiency, the height of the 
concentrators (parabolic and hyperboloid) is reduced 10% of its original height. The 
10% truncation of the concentrator height reduces the concentration ratio to 18. The 
effect of truncation of the parabolic and hyperbolic concentrator height on the optical 
efficiency and the acceptance angle is given in Table ‎4.3. It was observed that the 
optical efficiency and acceptance angle of ECPC and CCPC are obtained as 29%, 
±30°and 92%, ±15° respectively. Similarly, the optical efficiency and acceptance angle 
of EHC and CHC are obtained as 30%, ±45°and 27%, ±15° respectively. In general, it is 
concluded that the EHC has wide acceptance angle of ±45 and highest diurnal 
absorbed energy compared to other concentrators (CCPC, ECPC and CHC). With 
respect to highest efficiency, CCPC has highest optical efficiency, but the highest 
efficiency obtained in a very narrow acceptance angle. Hence, it is very well clear that 
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the elliptical hyperboloid concentrator (EHC) is ideal geometric contour for non-
tracking system. 
 
Table ‎4.3: Effect of Truncation on Optical Efficiency and Acceptance Angle 
Cross Section 
Acceptance 
Angle 
Optical 
Efficiency 
Concentration 
Ratio 
Parabolic 
ECPC ± 30 29 % 18 
CCPC ± 15 92 % 18 
Hyperboloid 
EHC ± 45 30 % 18 
CHC ± 15 27 % 18 
 
4.7 Closure 
In this chapter, optical performance comparison of four different geometric profiles 
(CCPC, ECPC, CHC and EHC) was extensively studied. The optical study was also 
extended for the effect of truncation on optical performance. It was noted that the 
optical efficiency of 92% for CCPC for the acceptance angle of ± 15, 29% for ECPC 
for the acceptance angle of ± 30, 30% for EHC for the acceptance angle of ± 45,and 
28% for CHC for the acceptance angle of ± 15. In both of these studies, it was 
concluded that the EHC has an ideal characteristic feature for non-tracking system 
based on the moderate optical efficiency with ±45 acceptance angle. The next chapter 
discusses the indoor experimental characterisation of EHC with two different cross 
sections. 
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CHAPTER 5: FABRICATION AND INDOOR TESTING OF 
STATIC 3-D EHC 
 
The design and experimental investigations of three different hyperboloid (elliptical 
(HWU), elliptical (China) and circular (China)) solar concentrators have been reported 
in this chapter. These prototypes have been fabricated from two different places; 
Heriot-Watt University (HWU, UK) and Star prototype in China. The cost of fabrication 
of the prototype of the EHC produced at the HWU, UK was £1200. After careful and 
extensive comparison of the production cost of the prototype of the EHC and CHC from 
different companies in Europe, America and China, a company was most competitive. 
The cost of the CHC and EHC were £1834 and £1148 respectively. The details of the 
Chinese company and the cost of both the CHC and EHC are found in the quotation in 
Appendix B. The design details and optical performance analysis of hyperboloid 
concentrator have been presented. Indoor tests have been carried out for three 
prototypes to predict the optical efficiency of the concentrator. In order to estimate the 
temperature of the surface area of the receiver tubes for process heat application, 
thermal imaging analysis have also been carried out and also presented in this chapter. 
5.1 Design and Fabrication of the Static 3-D EHC 
The design and fabrication of three hyperboloid concentrators are discussed. The three 
hyperboloid concentrators are: EHC1: Elliptical Hyperboloid Concentrator fabricated 
(HWU); EHC2: Elliptical Hyperboloid Concentrator fabricated (China); CHC: Circular 
Hyperboloid Concentrator fabricated (China). 
 
1. EHC1: Elliptical Hyperboloid Concentrator (HWU). 
The EHC1 means elliptical hyperboloid concentrator, fabricated at Heriot-Watt 
University (HWU). The EHC1 system was fabricated according to the specific 
dimensions; such as height of the concentrator of 0.86 m, concentration ratio of 
18×. 
2. EHC2: Elliptical Hyperboloid Concentrator (China). 
The EHC2 means elliptical hyperboloid concentrator, fabricated at star 
prototype, China. The concentration ratio of 20× and concentrator height of 0.4 
m were considered and fabricated. 
3. CHC: Circular Hyperboloid Concentrator (China). 
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The CHC means circular hyperboloid concentrator which is also fabricated from 
China with the same dimensions of EHC2. The entry and exit of the 
concentrator is circular in shape.  
 
For the fabricated concentrator, the optical analysis of the elliptical hyperboloid 
concentrator and then the fabrication process of the elliptical hyperboloid concentrator 
are discussed. 
5.1.1 Optical Analysis of Static 3-D EHC1 
Based on Optis
TM 
software, a detailed flux distribution of a 3-D EHC1 is carried out for 
the height of 0.860 m. The distribution of the incoming radiant energy on the receiver 
area representing in red colour indicates the maximum available flux. The 3-D flux 
distribution for major and minor axis of the receiver is shown in figure ‎5.1 (a) and the 
top view of the flux distribution is also shown in figure ‎5.1 (b).The optical efficiency of 
the 3-D EHC1 with the concentration ratio of 18× and concentrator height of 0.86 m is 
carried out for different solar incidence angles. The variation of the optical efficiency 
with different solar incidence angles is shown in figure ‎5.2. It was observed that the 
maximum efficiency of 87% is obtained for the solar incidence angle of ±15. 
 
 
(a) 3-D Flux Distribution  
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(b) Flux Distribution in One Plane  
Figure ‎5.1: Flux Distribution of the Receiver Area for EHC1 when the Concentrator 
Height of 0.860 m for (a) 3-D Flux Distribution (b) Flux Distribution in One Plane. 
 
 
Figure ‎5.2: Variation of Optical Efficiency with Solar Incidence Angles (In Degrees) 
For EHC1  
5.1.2  Fabrication of first Elliptical Hyperboloid Concentrator (EHC1) 
Based on the optical analysis of the 3-D EHC, the fabrication of the EHC1 is carried out 
at Heriot Watt University (HWU). The specifications of the EHC1 fabricated at HWU 
are given in table 5.1. 
Table ‎5.1: Specifications of EHC1 
Specifications of the EHC 
Height of the concentrator 0.86 m 
Aperture major axis of the concentrator 0.259 m 
Aperture minor axis of the concentrator 0.223 m 
Receiver major axis 0.061 m 
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The elliptical hyperbolic shapes of wooden strips or segments are made based on the 
profile obtained from optical analysis. All the wooden strips are aligned to form a 3-D 
EHC1. The highly polished aluminium sheet of 1 mm is pasted on the inner surfaces of 
the wooden strips. The reflectivity of the sheet material is 0.95. The wound copper coil 
tube, receiver is placed at the bottom of the EHC1. The process of fabrication of the 
EHC1 and assembly of the EHC1 is shown in figure ‎5.3 (a, b, c, d, and e) and figure ‎5.4 
(a, b, c, d). The schematic of the EHC open cycle is shown in figure ‎5.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Receiver minor axis 0.053m 
Acceptance angle ±15
o
 
Concentration ratio 18× 
Reflectivity of the Aluminium sheet 0.94 
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(a)            (a)           (b) 
                                                                                             
                                         (C)                                                                                                 (d) 
                                                     
    (e)      
Figure ‎5.3: Fabrication Process of the Elliptical Hyperboloid Concentrator (EHC1) 
Frame Wood 
Frame Aluminium Sheet 
Clean Aluminium Sheet 
Cutting Reflective Material
Concentrator  Segment 
Fixed Reflective Material
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(a)                                                                                                         (b) 
                                                  
                                                     (c)                                                                                                       (d) 
                 Figure ‎5.4: Assembly of the Elliptical Hyperboloid Concentrator (EHC1) 
Internal  Reflective Material   
Assembly
Internal  Reflective Material   
Receiver 
Experiment Setup
Pyranometer
Receiver Supporting 
Inlet water 
Outlet water 
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Figure ‎5.5: Schematic of the Indoor Open Cycle of the EHC1 
5.1.3  Measurement of Concentration Ratio of EHC1  
The experimental setup of EHC1 is fabricated. The concentration ratio of the fabricated 
EHC1 is obtained by measuring incoming and out coming radiation along the vertical 
axis. The radiations are measured by using two different Pyranometers. One is placed at 
the entry section of the concentrator and other at the base of the concentrator (receiver 
part). The concentration ratio of 16× is obtained for the elliptical hyperboloid. But, the 
geometrical concentration ratio of 18× is predicted for the present elliptical hyperboloid. 
The variation of the incoming and out coming radiation with time is plotted in figure 
5.6.  
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Figure ‎5.6: Variation of Solar Radiation Intensity at Receiver and Aperture with 
Time for EHC1 
5.1.4 Inlet and Outlet Temperature of the Receiver 
The concentration ratio of 16× is obtained for the fabricated EHC1. The fabricated 
EHC1 is used for process heat application. Hence, the measurement of stagnation 
temperature of the receiver of the EHC1 is important. The stagnation temperature 
corresponds to the maximum temperature of the receiver at no flow condition of the 
receiver. The water is admitted and no allowed to flow outside. The inlet and outlet 
temperatures of the receiver are measured. The maximum stagnation temperature and 
outlet temperature of 130 C and 100 C are observed in the receiver of the EHC1. The 
variation of the inlet and outlet temperatures of the receiver is shown in figure 5.7.  
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Figure ‎5.7: Variation of Inlet and Outlet Temperature of the Receiver for EHC1 
5.1.5  Fabrication of Elliptical Hyperboloid Concentrator EHC2 
Based on the optical analysis, circular and elliptical hyperboloid concentrators of 
concentration ratio of 20× and concentrator height of 0.4 m were fabricated from star 
prototype, China. The prototype of the circular and elliptical hyperboloid concentrator 
are shown in figure 5.8. The complete specifications of the circular and EHC2 
fabricated from China are given in tables 5.2 and 5.3.  
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(a) Circular Hyperboloid Concentrator (CHC)                                       (b) Elliptical Hyperboloid Concentrator (EHC2) 
Figure ‎5.8: Prototype of Circular (CHC) and Elliptical Hyperboloid Concentrator (EHC2) 
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Table ‎5.2: Specifications of CHC  
 
Table ‎5.3: Specifications of EHC2 
 
5.2  Receivers  
Two different types of receivers were fabricated for process heat applications. The first 
one was an Aluminium grooved flat receiver, and the second is a copper coil tube 
receiver. The Aluminium grooved flat receiver was fabricated from aluminium material 
and coated with high absorptive black colour paint. The diameter of the groove was 4.5 
mm diameter. In order to minimise the losses, the receiver is covered with glass wool 
insulation with thermal conductivity 0.037 W/mK. In copper coil tube receiver, copper 
Specifications of the CHC 
Concentrator Material Australian Broadcasting Corporation (ABC) 
Receiver Material Copper coil tube 
Height of the concentrator 0.4 m 
Reflectivity Chrome coating, 0.92 
Aperture dimension of the concentrator 0.447 m 
Receiver dimension of the concentrator 0.1 m 
Acceptance angle ± 15
o
 
Concentration ratio 20× 
Specifications of the EHC 
Concentrator Material Australian Broadcasting Corporation (ABC) 
Receiver Material Aluminium grooved flat receiver 
Height of the concentrator 0.4 m 
Aperture major axis of the concentrator 0.447 m 
Aperture minor axis of the concentrator 0.089 m 
Receiver major axis 0.1 m 
Receiver minor axis 0.02 m 
Acceptance angle ± 45
o
 
Concentration ratio 20× 
Reflectivity Chrome coating, 0.92 
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coil tubes of 6 mm outer diameter and 4.5 mm inner diameter with and without black 
paint and covered insulating material. The two receivers of Aluminium grooved flat 
receiver and copper coil tube receiver are shown in figures 5.9 and 5.10.  
 
 
Figure ‎5.9: Aluminium Grooved Flat Receiver 
 
 
Figure ‎5.10: Copper Coil Tube Receiver 
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5.3  Solar Simulator for Indoor Characterisation 
5.3.1  Design of a Solar Simulator for Characterisation of Solar Systems 
A solar simulator has been developed for detailed characterisation of solar systems. In a 
solar simulator, large area solar thermal or PV system can be characterised for 
comparison. In the developed solar simulator, multiple light sources have been used in 
solar simulator to increase the illumination area. Hence, in few cases, the uniformity of 
intensity distribution and collimation of the light have to be compromised. The basic 
design of solar simulator includes: 
 Light source has to be selected, such way that, spectral distribution of the solar 
simulator matching the solar spectrum. 
 Solar simulator should have the provision of obtaining solar intensity from a 
minimum value to a maximum value above the solar terrestrial irradiation 
(1200W/m
2
). 
 It should have capable of producing uniform distribution of the light intensity 
over the illuminated area.  
 It should have capable of producing collimated rays.  
 Selection of an appropriate spectral-correction filter 
 
In reality, it is very difficult to generate light that is an exact match to the spectrum of 
solar radiation. All the lamps (Tungsten filament lamps, metal halide lamps, xenon-
mercury arc lamps, and high pressure xenon lamps) that are used as light source in solar 
simulator have spectrum that nearly matches sun with addition of proper filters. A 
literature review and technical data shows that metal halide lamps are suitable for solar 
simulators with spectra very close to the solar spectrum for continuous radiation and 
have long life-times. Hence, metal halide lamps of 1200 Watt from OSRAM were 
chosen as the source lamps for the present solar simulator. A comparison of the spectral 
distribution of metal halide lamps (HMI 1200) with solar spectra is shown in figure 
5.11. The structural dimensions of the lamp and the technical information of the lamp 
are given in table 5.4.  
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Figure ‎5.11: Comparison of the spectrum of HMI 1200 lamp and AM1.5G sun spectrum 
 
Table ‎5.4: Properties of the OSRAM HMI 1200 W/SEL lamp [164] 
 
 
5.3.2 Fabrication of Solar simulator  
The base plate for fixing of the source lamps and reflectors was constructed from 
aluminum bars of 50 mm ×50 mm cross-sectional area and 2 mm thick aluminum sheet. 
Through optical simulation study, the proper positioning of lamps was made to achieve 
a homogeneous distribution of intensity. The positioning of the lamp bases is shown in 
figure 5.12.  
 
Properties of the OSRAM HMI 1200 W/SEL lamp 
Rated Lamp Wattage (W) 1200 
Ignition Voltage (kV) 5 
Luminous flux (lm) 110,000 
Colour Temperature (K) 6000 
Light arc length (mm) 10 
Average service life (h) 1000 
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Figure ‎5.12: Dimensions of the Base Plate and Positioning of the Lamps. 
5.3.3  Manufacturing of the reflectors  
High accuracy of parabolic reflectors profile and good surface finish were manufactured 
by metal spinning process of aluminum by an external manufacturer. A low cost, light 
weight and longer life-time without corrosion, Aluminum grade 1100 was used. An 
aluminum coating of 85% reflectivity was applied on the inner surface of the reflector. 
The cross-sectional dimension of a reflector is shown in figure 5.13.  
 
 
Figure ‎5.13: Cross Sectional View of Parabolic Reflector for Each Source Lamp 
 
The base plate was mounted on a movable shaft and attached to the sliders with a 
bearing, to provide the necessary inclination and a braking system was provided to keep 
the plate at one position. The entire system was mounted on a floor at a height of 2.5 
meters. The entire electrical components including ballast and igniter for the HMI lamps 
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were placed in a restricted area near the base plate for safety. The photograph of the 
solar simulator is shown in figure 5.14.  
 
 
Figure ‎5.14: Photograph of the In-House Built Solar Simulator at Heriot-Watt 
University 
 
5.4  Indoor Experimental Testing of Hyperboloid Concentrator 
Indoor experimental temperature distribution of receiver was carried out for two 
different types of receiver. Temperature measurement was carried out based on ‘flow’ 
and ‘no flow’ conditions. The circular and elliptical hyperboloid concentrators (CHC) 
and (EHC2) (optical efficiency of 28% and concentration ratio of 20×) were tested.  
 
Malotherm SH Oil was used as heat transferred fluid and made to pass through the 
receiver. A receiver was placed under the solar simulator, where average solar radiation 
of 1200 W⁄m2 was obtained. The temperature of the receiver surface was increased and 
the oil was heated. The heated oil was made to flow through the system by using a 
peristaltic pump (Pump – Watson Marlow 323), which was placed after the receiver, 
and passed through a seawater tank. During the experimental measurement, inlet and 
outlet temperature of the receiver and the temperature of the tube were measured. The 
temperature measurements were carried out by means of two T-type thermocouples (for 
inlet and outlet temperature of the oil). In addition to that, solar radiation from the 
simulator was measured. For measuring the solar radiation, the pyranometer model of 
Kipp & Zonen CM21 / CM22 was used. For collecting all these data (temperature and 
solar radiation) a Keithley 2700 Multimeter / Data Acquisition System was used and the 
data was collected and processed in Microsoft Excel.  
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The experimental cycle consists of the elliptical solar concentrator with aluminium 
grooved flat receiver / copper coil receiver; one end of the receiver is connected to inlet 
tank and other end to the outlet of the tank. The entire experimental setup for EHC2 
open cycle is shown figure 5.17. The schematic view of the solar collector with 
desalination system for CHC and EHC2 is shown in figures ‎5.15 and ‎5.16. EHC2 with 
water distillation and CHC with water distillation are also given in figures 5.18 and 
5.19. In order to estimate the temperature distribution along the receiver, thermal 
imaging camera and FLIR Tools software were used to obtain the temperature variation 
along‎ the‎ receiver‎ at‎ three‎ different‎ points.‎ At‎ ‘no‎ flow‎ ‘conditions,‎ stagnation‎
temperatures were measured at three different points (T1, T2 and T3) on the receiver. 
The maximum stagnation temperatures of 93°C were observed for solar radiation of 
1200 W/m
2
 and the average stagnation temperature of 82 °C was observed. The 
variation of stagnation temperatures with time is shown in the figure 5.20. The 
measured stagnation temperatures were also compared with the results of thermal 
imaging camera. The temperatures from the thermal imaging camera were in close 
agreement with the estimated stagnation temperature. The photographs of thermal 
imaging temperature are also shown in figure 5.21. (a,b,c,d,e,f).‎At‎‘flow‎conditions’‎the‎
inlet and outlet temperatures of water were measured. The flow rate of 0.12 kg/min was 
allowed to flow through the receiver.  
 
The variation of inlet and outlet temperatures with time is shown in figure 5.22. It is 
observed that the maximum outlet temperature of 60C was observed for the solar 
radiation of 1200 W/m
2
. As a part of developing the desalination system, the solar 
concentrator with receiver was constructed and experimental measurements were taken 
for ‘flow’ and ‘no flow’ conditions. In the flow conditions, oil was allowed to flow 
through the receiver and heated depends on the solar concentration level. A solar 
concentrator was placed on the top of the receiver and radiation from the solar simulator 
reached the receiver through multiple reflections in the concentrator and finally 
absorbed by the receiver. The outlet temperature of the solar collector system was 
examined whether the outlet temperatures would be useful for a seawater desalination 
process or not.  
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Figure ‎5.15: Schematic of the Solar Collector CHC with Desalination System 
 
 
Figure ‎5.16: Schematic of the Solar Collector EHC with Desalination System 
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Figure ‎5.17 : Experimental Setup for EHC2 for Open Cycle 
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Figure ‎5.18: Experimental Setup for EHC2 for Water Distillation 
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Figure ‎5.19: Experimental Setup for CHC for Water Distillation 
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Figure ‎5.20: Variation of Stagnation Temperature with Time for EHC2 
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(a)                                                                                                                (b) 
 
 
 
 
 
 
 
 
 
 (c) 
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(d)           (e) 
 
Figure ‎5.21: Photographs of Thermal Imaging Temperature of Flat Grooved Aluminium and Copper Coil Receiver Where (a) Avage 
Temperature on Groove Receiver Area for EHC2, (b) Temperature Different Along Major Axis (C) Temperature Different Along Major 
Axis and Minor Axis (d) Temperature Different Along Vertical on Coil Receiver for CHC (e) Temperature Different Along Major Axis 
and Minor Axis on Coil Receiver for CHC
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Figure ‎5.22: Variation of Inlet and Outlet Temperatures with Time for CHC 
5.5  Closure 
In this chapter, optical analysis of circular and elliptical hyperboloid concentrator were 
discussed. For indoor characterisation, an in-house built solar simulator has been 
constructed at Heriot-Watt University. The design, fabrication details and indoor 
characterisation of circular and elliptical hyperboloid concentrators with flat grooved 
aluminium and copper coil receiver have also been discussed. The temperature 
distributions of the flat grooved aluminium and copper coil receiver were also obtained. 
The next chapter deals with the outdoor characterisation of circular and elliptical 
hyperboloid concentrators. 
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CHAPTER 6: Outdoor Experimental Investigation of 3-D EHC 
This chapter presents the design and experimental analysis of a static 3-D solar 
elliptical hyperboloid concentrator (EHC) for process heat applications. The 3-D static 
elliptical hyperboloid concentrator is designed to accept a wide range of incidence 
angles (±45°) and has a concentration ratio of 20 for medium temperature 
applications (100 C to 150 C). Ray tracing analysis has been used to obtain, the solar 
flux distribution on the receiver aperture plane for the EHC configuration. The optical 
efficiency has been obtained theoretically using Optis
TM
, a ray tracing program and 
optimisation has been carried out, before the design of the EHC was finalised and 
experimentally tested.  
 
The experiments were carried out for different conditions to study the performance of 
EHC. The experimental studies are to investigate the possibility of the proposed concept 
and to evaluate the theoretical results with the experimental ones. Experimental unit 
was designed in ITT Chennai, built and tested. This research concerns an experimental 
study of solar radiation energy convert into thermal energy by using a follower 3-D 
static elliptical-hyperboloid solar concentrator. The experiment was carried out on a 3-
D hyperboloid concentrator of 1.64 m concentrator height , aperture major and minor 
axis were 1.7 m, 0.350 m where the exit area major and minor axis were 0.39 m, 0.062 
m receptively. The system efficiency depends on the heat input; temperatures of the 
water at the inlet and outlet of the receiver and the mass flow rate have been carried 
out. The experimental study has also been carried out to obtain the inlet and outlet 
temperature of fluids supplied to a coil heat exchanger solar receiver. 
 
6.1 Introduction  
The design of the receiver is mainly depends on the ray tracing and flux distribution. 
Before making the experimental set-up, the optical study needs to be carried out. In the 
optical study, the information about ray tracing, flux distribution on the receiver of the 
EHC determines the size of the receiver. The following section discusses the optical 
study of EHC. 
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6.2 Optical study of EHC  
6.2.1 Ray tracing of EHC at different incidence angles  
The source rays have been modelled to follow a similar path to that of the sun for a 
typical daily cycle. Using the ray tracing method described in chapter 2, the following 
results were obtained for the 3-D EHC. Figure 6.1 shows the ray tracing diagram for the 
different incident angles of 0°, 15°, 30° and 60°. Based on these preliminary models, it 
can also be observed that the maximum number of rays reaching the receiver occurs 
when‎ the‎ radiation‎ source‎ is‎ directly‎ above‎ the‎ concentrator‎ (θ‎ is‎0º).‎The‎number of 
rays reaching the receiver decreases as the angle of the incidence increased; no rays are 
absorbed by the receiver when the incident angle is ± 60º. 
 
 
 
Figure ‎6.1: Ray Tracing of EHC for Different Incidence Angles (0, 15, 30, 45 and 
60) 
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6.2.2 Effect of the variation of the solar azimuth angle 
Using the ray tracing model, the effect of the variation of the solar azimuth angle (Ψ) on 
the optical efficiency of the EHC was investigated. The solar azimuth angle is the 
angular deviation of the sun from true south [6]. By moving the solar source along the 
xy plane of the major axis aperture through angular variation from 0° to 90° with an 
increment of 5°, for teach angle of interval the solar incidence angle is varied from 0° to 
60. The geometry considered for this simulation with variation of major axis aperture 
is shown in figure 6.2.  
 
 
Figure ‎6.2: EHC with Variation of Major Axis Aperture 
 
Next, the effect of variation of the solar azimuth angle on the optical efficiency was 
investigated. The variation of the optical efficiency with azimuth angle variation and 
incidence angle is shown in figure 6.3. It was observed that as the solar azimuth angle 
was increased from 0°-90°, that is the solar source was moved from the south to the 
north, the acceptance angle decreases from approximately 30° in the south to less than 
5° as the solar source approaches the north. For each azimuth angle variation, one 
maximum optical efficiency is observed in those variations. The maximum optical 
efficiency observed for each angle decreases, as the solar source is moved from 0°-90°. 
 
 
 
Sun 
Aperture of Concentrator
Receiver Major Axis
Receiver Minor Axis
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Figure ‎6.3: Variation Of Optical Efficiency with Azimuth and Incident Angles 
6.2.3 Flux distribution on the receiver area for different azimuth angle  
Using the 3-D tracing simulation, the effect of variation of the solar azimuth angle on 
the flux distribution on the receiver area of the EHC was examined by moving the solar 
source along the x-y plane of the aperture major axis from 0 to 90 with an increment 
of 15 intervals. The results obtained are shown in figures 6.4 to 6.6 respectively. It was 
observed from figures 6.4 and 6.5, at solar azimuth angle of 0 and 15; the flux is 
uniformly distributed and spread over the receiver for the solar incidence angle of 0 to 
30. In the same figures, at 45 incidence angle, the flux is not uniformly distributed. 
The distribution is scattered non-uniformly over the receiver. And at one end of the 
receiver, it is concentrated, the flux value is higher. Similarly, from figures 6.6 and 6.7, 
at solar azimuth angle of 30 and 45 the distribution of the flux on the receiver area 
were uniformly spread when solar source incidence angle was 0 and 15, but when the 
solar source incidence angle of 30, the total flux measured on the receiver was 
concentrated at one side of the receiver, while at angles above 30 no radiation flux was 
observed at the receiver. Similarly variation is observed for solar azimuth angle of 75 
and 90, as shown in figures 6.8 and 6.9. Furthermore, the variation of the flux 
distribution along the receiver major axis and receiver minor axis; are also shown in 
figures 6.10 to 6.15.  
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Figure ‎6.4: Flux Distributions on Plane Angle is 0° and Incidence Variation for 0°-45° 
 
 
Figure ‎6.5: Flux Distributions on Plane Angle is 15° and Incidence Variation for 0°-45° 
 
 
Figure ‎6.6: Flux Distributions on Plane Angle is 30° and Incidence Variation for 0°-30° 
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Figure ‎6.7: Flux Distributions on Plane Angle is 45° and Incidence Variation for 0°-30° 
 
 
Figure ‎6.8: Flux Distributions on Plane Angle is 75° and Incidence Variation for 0° -15° 
 
 
Figure ‎6.9: Flux Distributions on Plane Angle is 90° and Incidence Variation for 0° -15° 
 
 
Figure ‎6.10: Flux Distributions on Centre Line of a) Major Axis and b) Minor Axis for 
Different Plan (ψ=15°) and Different Incident Angle 
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Figure ‎6.11: Flux Distributions on Centre Line of a) Major Axis and b) Minor Axis for 
Different Plan (ψ=30°) and Different Incident Angle 
 
 
Figure ‎6.12: Flux Distributions on Centre Line of a) Major Axis and b) Minor Axis for 
Different Plan (ψ=45°) and Different Incident Angle 
 
 
Figure ‎6.13: Flux Distributions on Centre Line of a) Major Axis and b) Minor Axis for 
Different Plan (ψ=45°) and Different Incident Angle 
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Figure ‎6.14: Flux Distributions on Centre Line of a) Major Axis and b) Minor Axis for 
Different Plan (ψ=75°) and Different Incident Angle 
 
 
Figure ‎6.15: Flux Distributions on Centre Line of a) Major Axis and b) Minor Axis for 
Different Plan (ψ=90°) and Different Incident Angle 
6.3 Outdoor Experimental Characterisation of EHC  
This experimental characterisation of EHC is a systematic and comprehensive test for 
determining the thermal performance of 3-D elliptical-hyperboloid solar collectors for 
medium temperature applications. The shape of the receiver is trapezoidal and made by 
mild steel material. The receiver is fabricated by bending and welding process. The 
whole experimental analysis is carried out of determining the steady-state thermal 
performance of solar collectors, the instantaneous efficiency of solar collectors, and the 
thermal performance during the whole day operation. The optimum optical efficiency of 
the 2-D hyperboloid solar collector was determined by using the ray tracing technique 
using the MATLAB code for simulation. The optimum optical efficiency of the 3-D 
elliptical hyperboloid concentrator was also determined using the optics software. 
Theoretical and experimental research was conducted to validate the simulated results 
and develop a practical system based on the simulated concept. The experimental work 
is conducted, based on the findings of the theoretical study, which includes: 
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 Design, construction, instrumentation and calibration of the experimental set up. 
 Data collection.  
 Data reduction, analysis and comparison of theoretical and experimental results.  
6.3.1 Materials and Equipment that will be used to perform the Experiment 
 
6.3.2 Apparatus Required. 
The following equipment was used to evaluate the thermal performance of the 3-D 
elliptical hyperboloid concentrator: 
1. Pyranometer was used to measure the global solar radiation. It was mounted on 
the outer frame of the hyperboloid concentrator in such a manner that no shadow 
is cast on the exposed area of the collector, and it is in the normal direction to 
the plane of aperture. 
2. Calibrated thermocouples for measurement of water temperature at inlet and the 
outlet of the heat receiver and also surface temperature of the receiver.  
3. Data acquisition system.  
4. Thermal imaging camera for taking temperature distribution images of the 
receiver area. 
6.4 Assembling the Components and Conducting the Experiment 
6.4.1 Components: Hyperboloid Concentrator 
The 3-D elliptical hyperboloid concentrator was divided into two reflectors. It was 
supported firmly with a rigid frame which was also divided in two. The fabrication 
details of the elliptical hyperboloid is shown in figure 6.16 (a,b,c,d and e). The template 
of the simulated profile was made. By means of template of the profile, different 
aluminium frames were made and a 3-D elliptical hyperboloid structure was formed. 
The thickness of the aluminium frame was 3 mm. Aluminium sheeting of 1 mm 
thickness is covered over the inner surface of the hyperboloid. Above the aluminum 
surface, highly reflecting film material ( = 0.95) is placed. The dimension of the major 
and minor axis aperture of concentrator was found to be 1.8 m and 0.358 m. 
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Figure ‎6.16: Fabrication of the 3-D Elliptical Hyperboloid 
6.5 Receiver Elliptical Shape 
The receiver consists of copper tubing (6mm outer diameter and 4.5mm inner diameter) 
and formed a helical and flat portion to capture the maximum incident solar radiation. 
High absorptive and low reflective black paint was used to coat the receiver surface as 
shown in the figure 6.17. The entire receiver assembly is placed within a chamber and 
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covered with glass wool insulation with thermal conductivity 0.037W/mK to minimise 
losses, and fixed with thermocouple to measure the surface temperature, these are 
shown on figure 6.17 as T1, T2, T3 and T4. The receiver assembly with and without 
black coating is shown in figure 6.17 the measured reflective coefficient for the receiver 
with and without black paint is shown in figure 6.18. It can be observed from figure 
6.18 that the reflectivity of the black coated receiver is very low in the range of about 
6% with maximum of 10%, while the reflectivity of the uncoated receiver increases 
sharply from about 15% at the wavelength of 250 nm to a maximum of 86% at the 
wavelength of 850 nm and remain constant. A sufficient pressure head is created to 
circulate the water through the copper tubes. 
 
 
Figure ‎6.17: Receivers with High Absorptive Without and with Coating 
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Figure ‎6.18: Measured Reflective Coefficient for Coated and Uncoated Receiver 
 
Table ‎6.1: 2-D Dimension of the Receiver Dimension 
Sl. No Parameters 
Dimensions of Receiver 
1 (m) 
Dimensions of Receiver 
2 (m) 
1 Length 0.81 0.75 
2 Breadth 0.19 0.29 
3 Thickness 0.003 0.003 
6.6 Parameters Measurement 
The temperature was measured, at different points of receiver system using 
thermocouples, and was recorded at each hour during a whole day. The thermocouple 
was inserted in the inlet of receiver and outlet of receiver, and the inlet storage tank of 
hot water and outlet cool water tank. A type-K thermocouple was used to measure the 
temperature in the solar collector system; on the outside surface of the copper piping 
was measured using a thermocouple and distribution temperatures were recorded using 
thermal camera. Ambient temperature was measured with a PT-100 (temperatures in the 
range -150 to +650°C). The global solar radiation flux on the hyperboloid collected was 
measured with a precision pyranometer. Manual valves and controls were included in 
the test system, operational parameters such as initial inlet water temperature, outlet 
water temperature, and flow rate was also measured. These parameters allowed for the 
evaluation of the effect of raising or lowering the water temperature, average thermal 
efficiency during the operation period and the performance analysis of this system was 
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reported. And also installation conditions of solar collectors are shown in tables 6.2 and 
table 6.3 shows specifications of hyperboloid collector design. 
 
Table ‎6.2: Installation Conditions of Solar Collectors. 
 
 
 
 
 
 
Table ‎6.3: Specifications of Hyperboloid Collector Design. 
Parameters Dimensions 
Aperture Major Axis 1.7 m 
Aperture Minor Axis 0.390 m 
Aperture area= *A*B 1.9 m
2
 
Height 1.640 m 
Receiver Major Axis 0.390 m 
Receiver Minor Axis 0.062.5 m 
Receiver area= *a*b 0.077 m
2
 
Concentration Ratio 24.5 
Tube O.D (Out Diameter) 0.0045 m 
Insulation conductivity 0.037 W/Mk 
Collector frame Aluminium 
Flow tubes Copper 
Absorber Copper w/ Black Coating 
Insulation Glass Wool Insulation 
Reflector ReflecTech® mirror film (94%) 
6.7 Storage system for EHC  
The cold water storage tank used in the experimental analysis is shown in figure 6.19. 
The dimensions of the cold water storage tank are given in table 6.4. The water passes 
through the 0.5 hp pump and circulates in the receiver. A photograph of the motor with 
pump is shown in figure 6.20. The water is heated in the receiver and the hot water 
Location India (IITM) 
Longitude 80°2 
Latitude 13° 
Height from the ground 0.5 m 
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passes into the outlet hot water storage tank, which is shown in figure 6.21. The tank is 
well insulated; the outside ambient condition should not affect temperature of the water 
storage. The dimensions of the outlet hot storage tank are given in table 6.5. The stand 
is used to support the pipes for the circulating the water from inlet to outlet. A 
photograph of the stand is shown in figure 6.22. The stand consists of three parts: a 
square plate, hollow pipe‎and‎‘L’‎channel.‎The‎L‎channel‎has a hole to clamp the pipes 
in place. 
 
 
Figure ‎6.19: Photograph of the Inlet Storage Tank (Cold Water Storage) for the System 
 
Table ‎6.4: Dimensions of the Cold Water Storage Tank. 
S No Parameters Dimensions (m) 
1 Diameter 0.65 
2 Length 1.2 
 
Cold water storage tank
Tank supporting  
Outlet pipe
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Figure ‎6.20: Photograph of the Motor and Pump Used in the Experimental Setup 
 
 
Figure ‎6.21: Photograph of the Storage Tank for Hot Water (Outlet Tank) 
 
Table ‎6.5: Dimensions of the Outlet Storage Tank (Hot Water Tank) 
S No Parameters Dimensions (m) 
1 Diameter 0.495 
2 Length 0.971 
 
Pump
Inlet pipe
Outlet pipe
Pump supporting  
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Figure ‎6.22: Stand for the Circulating Pipe 
6.8 Piping line for circulating the water using CPVC Pipe 
The Chlorinated Poly Vinyl Chloride (CPVC) is a thermoplastic pipe, which is used in 
the experimental set-up. Industrial CPVC pipe is manufactured by extrusion in sizes 
from ¼" to 12" diameter. The advantages of using this pipe are: 
 Environmentally friendly.  
 Provide long service life.  
 Easy to install and handle.  
 Corrosion resistant.  
 Cost effective.  
 Widely accepted by codes 
The CPVC piping is used for hot and cold water distribution, it has a 400 psi pressure 
rating at room temperature, and a 100 psi pressure rating at 180 F. CPVC materials are 
resistant to many everyday household chemicals. The parameter definitions for the 
CPVC are shown in figure 6.23. 
CPVC piping 
Stand of  the pipes 
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Figure ‎6.23: Dimension Definitions of the CPVC Pipe 
 
Many pipe manufacturers use the "Standard Dimension Ratio" (SDR) method of rating 
pressure piping. The SDR is the ratio of pipe diameter to wall thickness and the SDR is 
expressed as: SDR = D/S; Where D is the pipe outside diameter (mm) and S is the pipe 
wall thickness (mm). A high SDR ratio means, the pipe wall is thin compared to the 
pipe diameter. A low value of SDR ratio means, the pipe wall is thick compared to the 
pipe diameter. A high SDR pipe is recommended for a low-pressure rating and low 
SDR pipe is recommended for high-pressure rating. The dimensions of the CPVC pipe 
are given in table 6.6. 
 
Table ‎6.6: Dimension of the CPVC Pipe 
S No Parameters Dimensions in (m) 
1 Diameter 0.091 
2 Length 7.54 
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6.9 Experimental testing of a 3-D EHC 
 
Figure ‎6.24: Photograph of the Experimental EHC Apparatus located at IITM Chennai 
 
 
Figure ‎6.25: Schematic of the Experimental EHC at IITM Chennai 
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The 3-D solar EHC was designed and constructed for experimental testing as shown in 
figure 6.24 and schematic of the EHC at IITM Chennai is shown in figure 6.25 .The 
experiments were carried out with two EHC at IITM Chennai. The experimental setup 
included an elliptical helical receiver for each of the EHCs. The working fluid flows 
from the inlet tank of capacity (398 litters) to the helical receivers and the hot water is 
collected in the collection tank which has a capacity (187 litters). The two EHC are 
connected in series to study the heat transfer to the fluid and temperature rise of the 
system. All measurements, including inlet temperature, outlet temperatures, and surface 
temperatures of the receivers, inlet and collection tank temperatures, and solar radiation 
data have been recorded using a data acquisition system. The intensity of solar radiation 
was measured using the pyranometer. As shown in figure 6.24 the pyranometer was 
placed on a small table between the two EHCs instead of being placed high above the 
two EHCs; this is because after moving the pyranometer to different positions, the 
maximum radiation reading of about 900W/m
2
 was obtained at this position. Also at 
higher positions above the ground there is interference from shadows of the trees as 
seen in the figure 6.24 which affects the radiation reading. There is also the danger of 
the pyranometer been taking away and broken by wild animals, for examples monkeys. 
This position of the pyranometer is not ideal but because of these extenuating 
circumstances it is ideal in this case. The various temperatures such as surface 
temperature of the receivers, inlet and outlet temperature of the receivers, and inlet 
collection tank temperatures were measured using K-type thermocouple. 
6.10 Results and Discussion 
6.10.1 Solar Radiation on the Receiver  
Figure 6.26 (a), (b) and (c) shows the flux distribution on the receiver area for different 
incident angle using Optis
TM
 rays tracing analysis on the left hand side. In this study the 
incident angles were 0°, 15° and 30°. The flux was relatively uniformly distributed at 
the incidence angle of 0 as seen in figure 6.26 (a). The magnitude of the peak and area 
averaged flux decreases as the incident angle increases. For the incidence angle of 15°, 
the flux distribution was biased towards the left as seen in figure 6.26 (b). The overall 
magnitude of the flux was significantly reduced for the incidence angle of 30° and as 
seen in figure 6.26(c). 
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Figure ‎6.26: Comparison of Experimental and Numerical Receiver Performance Optical 
Ray Tracing ((a)-(c)) Thermal Imaging ((d)-(f)) of Receiver Aperture for Different 
Incident Angles (a, d) 0(b, e) 15 (c, f) 30 
 
The flux distribution analysis using ray tracing software was compared with that of 
thermal images of the receiver in figure 6.26 (d), (e) and (f). Figure 6.26 (d), (e) and (f) 
for the same incidence angles of 0°, 15° and 30°. These IR images of the receiver are 
used to analyses the receiver image and to determine average temperature on receiver 
area. The experimentally measured temperatures agree overall with the numerical model 
of the flux distribution. When the incident angle is 0°, the temperature distribution is 
more uniformly distributed throughout the receiver area; whereas for the incident angle 
of 15°, the temperature distribution is biased towards the left of the aperture. Evenly 
distributed across on the top of the receiver surface area as shown in figure 6.26 (e). 
When the incident angle is 30°, the temperatures distribution is less than incident angle 
is 15°, and is shown in figure 6.26 (f) Both optical simulation and thermal imaging 
results show good qualitative agreement. 
6.10.2 Stagnation Testing  
The stagnation temperature of the receiver corresponds to the measurement of the 
surface temperature of the receiver at a zero flow rate. The stagnation temperature is 
measured with the aid of the thermocouple fixed at the surface of the receiver which is 
shown in figure 6.17 as T1, T2, T3 and T4. The stagnation test was carried out on the 1
st
 
February 2013, from 08:30 to 17:30 hrs. Under these conditions, the system can reach 
“stagnation”‎temperatures‎exceeding‎125°C. These systems are particularly susceptible 
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to high stagnation temperatures because of the coincidence of high solar radiation levels 
(typically 900 W/m
2
) on the solar concentrator and an average high ambient air 
temperature of 30°C. Figure 6.27 shows the surface temperature of a receiver and the 
variation of solar radiation throughout the day. Similarly, the stagnation temperature 
was also measured using the thermal camera and the maximum stagnation temperature 
observed was 150°C, this image of the maximum temperature on the receiver is shown 
in figure 6.28.  
 
 
Figure ‎6.27: Stagnation Temperature of Receiver 
 
 
Figure ‎6.28: Image Thermal Shown the Stagnation Average Temperature and Solar 
Radiation of the Receiver for 1
st
 Feb. 2013. 
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6.10.3  Thermal Performance Testing  
Experimental thermal performance analysis was carried out for two different flow rates 
of 0.5 kg/min and 1 kg/min. The working fluid enters from inlet tank to the first 
collector and passes to the second collector which is connected in series and goes to 
outlet tank. Figure ‎6.29 shows the outlet temperatures of the system on 2nd of February 
2013 for the flow rate is 0.5 kg/min. The temperatures increased when the hour angle 
increases up to 1pm and then start to decrease. The maximum temperature recorded was 
approximately 90 °C and occurred between 12:00 to 13:30 hrs. when the average solar 
radiation was 850 W/m
2
. Figure ‎6.30 shows the outlet temperature when the flow rate 
was 1 kg/min, the experiment was carried out from 8:30 to 17:30 hrs. on 3
rd
 February 
2013. Again the temperatures increased when the hour angle increased up to 14:00 hrs. 
and decreased thereafter. The maximum temperature recorded was 68°C; this was 
recorded between 11:00 to 14:00 hrs. when the average solar radiation was 850 W/m
2
. It 
was observed that temperature recorded was less than the expected temperature; this is 
due to the losses of the EHC collector listed below: 
 Manufacturing defects: the area of the fabricated model of the EHC is 20% less 
than the optimum dimension.  
 Reflectivity: loss of reflectivity of the thin film due to air traps in the internal 
surface of the concentrator. 
 Heat loss from the surrounding: unwanted heat loss may have affected to the 
performance of the system, primarily due to variable wind speed during the 
testing. 
 External shading: External shading during the experiment may have reduced its 
performance.  
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Figure ‎6.29: Inlet and Outlet Temperature of Fluid for Flow Rate of 0.5 kg/min on 
2
nd
 February 2013 
 
Figure ‎6.30: Inlet and Outlet Temperature of Fluid for Flow Rate of 1kg/min on 3
rd
 
February 2013 
6.10.4 Thermal images on the receiver area 
During the experimental thermal are used to analyse the receiver image and to 
determine average temperature on receiver area as shown in figure 6.31. The 
temperature distribution on the receiver area as shown in figure 6.32 (a-e). Figure 6.32 
shows the temperature distribution on the receiver area.  
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Figure ‎6.31: Photograph of the Usage of Thermal Imaging Camera 
 
 
Figure ‎6.32: Experimental Thermal Imaging of Receiver Surface Area ((a)–(e)) 
 
a b
c d
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Figure ‎6.33: Experimental Thermal Imaging of Concentrator Surface 
6.11 Closure 
A new EHC with a helical flat shaped receiver has been developed for medium-
temperature applications. Optical analysis has been carried out to predict the optimum 
concentration ratio and efficiency of the proposed EHC. An optimal concentration ratio 
of 20× with an optical efficiency of 28% was predicted. The experiments have also been 
carried to validate the optical parameters. During this study, an experimental 
investigation was carried out to verify its operation under outdoor test conditions for a 
3-D EHC. The maximum stagnation temperature recorded was 125°C and outlet 
temperature from the system was 90°C when the flow was 0.5 kg/min. By increasing 
the flow rate to 1kg/min a maximum outlet temperature of 68°C was recorded. Further 
experimental work will be carried out to use the system for water desalination. 
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CHAPTER 7: Overall Conclusions and Future work 
7.1  Overall Conclusion 
This thesis, describes the design of a novel 3-D static non-imaging concentrator – an 
elliptical hyperboloid concentrator (EHC). The new 3-D static EHC was designed using 
the ray tracing concept. The 3-D static EHC is composed of two elliptical apertures 
(entrance and exit) and a hyperboloid concentrator (the profile connecting the two 
apertures). The shape of the elliptical apertures is configured to collect the solar beam 
radiation from any direction without using a tracking device. Thus, the new design 
enables the features of wider acceptance angle and also captures large part of the diffuse 
solar radiation component in addition to the direct radiation component. An elliptical 
absorber is placed at the bottom of the concentrator. The novel non-imaging profile 
increases the solar concentration and to produce medium temperature with high optical 
efficiency and less heat losses in the absorber. This thesis presents an insight into the 
design (optical design), fabrication and testing (indoor and outdoor testing) of a high 
optical efficiency 3-D solar thermal hyperboloid concentrator with wide acceptance 
angle for medium temperature applications.  
 
In the optical study, an optimum configuration of 2-D elliptical hyperboloid 
concentrators (EHC) with high optical efficiency was determined using the ray tracing 
technique by simulation code written in MATLAB. The optimum configuration is 
achieved by studying the effects of incidence angle; the height of concentrator and the 
receiver dimension on the optical efficiency of a 2-D EHC. In the 2-D optical study, an 
optimum optical efficiency of 19 % was achieved. Further improvement in the optical 
efficiency was observed in the 3-D analysis. In order to improve the optical efficiency 
of the proposed novel 3-D static concentrator, a computational domain was developed 
to aid the design of a three-dimensional elliptical-hyperboloid concentrator with 
concentration ratio of 20×. This was carried out in the Optis
TM
 software by means of ray 
tracing simulation. In the 3-D analysis, the impacts of concentration ratio (5× to 40× 
with step of 5), aspect ratio (a/b = 1 to 10), height to major diameter ratio, and 
concentration height on optical efficiency were extensively investigated for different 
concentration ratios and concentrator heights. In general, the increase in the 
concentrator height increases the optical efficiency. And in contrast, the optical 
efficiency decreases for increasing concentration ratios. It was also observed that the 
lower receiver diameters lead to higher optical efficiency. Low acceptance angles and 
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higher receiver diameters lead to low optical efficiency and higher acceptance angles. 
Based on the 3-D ray tracing simulation, it was observed that the optical efficiency of 
28% for an acceptance angle of ± 45˚ is achieved for the optimum receiver aspect ratio 
of 5, and a height to major diameter ratio of 4. The effect of truncation were also carried 
out to improve the performance and to reduce the material consumption.  
 
In addition, geometrical optical performance comparisons of four different concentrator 
configurations (Elliptical Hyperboloid Concentrator (EHC); Circular Hyperboloid 
Concentrator (CHC); Elliptical Compound Parabolic Concentrator (ECPC), Circular 
Compound Parabolic Concentrator (CCPC)) were studied to compare the behaviour of 
EHC among similar type of configurations. The ray tracing study was carried out for all 
the four configurations to evaluate the optical efficiency of these configurations for a 
fixed concentration ratio of 20, receiver area of 1 m2 and an ellipse aspect ratio of 5. It 
was found that the EHC produced higher optical efficiency of 28% for an acceptance 
angle ±30˚. But the CHC produced lower optical efficiency of 21% for an narrower 
acceptance angle of ±15˚. It is very clear that the parabolic and hyperboloid 
concentrator has some advantages over other geometries. The parabolic concentrators 
have higher optical efficiencies at lower acceptance angle; such parabolic system can be 
used along with a tracking device. The hyperboloid concentrators have lower optical 
efficiency at wider acceptance angles; such device can be used for non-tracking 
system.It was observed that the EHC with wider acceptance angle shows better optical 
efficiency than others. 
 
Through the information obtained in the optical study, four different types of prototypes 
were fabricated and tested. First prototype (EHC1) were fabricated and tested in HWU. 
The concentration ratio of 16× was obtained for the elliptical hyperboloid by measuring 
incoming and outcoming radiation along the vertical axis. At no-flow conditions, the 
maximum temperature of 100C was measured. The same prototype was modeled in the 
Optis software to predict the optical efficiency and acceptance angle. It was predicted 
that the model based on the first prototype gives the optical efficiency of 87% and 
acceptance angle of ±15˚ was observed. Even though optical efficiency is very high, this 
prototype can be used along with tracking system, due to much decreased acceptance 
angle. 
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The second prototype (EHC2) was fabricated in china by Prototype Company. The 
optical efficiency of 28% and concentration ratio of 20× was achieved. The indoor 
testing under solar Solar Simulator in HWU laboratory was carried out. The maximum 
stagnation temperature of 93°C was observed for solar radiation of 1200 W/m
2
. At 0.12 
kg/min, the maximum fluid outlet temperature of 60C was observed for the solar 
radiation of 1200 W/m
2 
. In order to estimate the temperature distribution along the 
receiver, thermal imaging camera was used to obtain the temperature variation along the 
receiver at three different points.  
 
The third prototype (CHC) was fabricated in china by Prototype Company. The optical 
efficiency of 23% and concentration ratio of 20× was achieved. The indoor testing was 
also carried out under Solar Simulator in HWU laboratory. In order to estimate the 
temperature distribution along the receiver, thermal imaging camera was used to obtain 
the temperature variation along the receiver at three different points. At ‘no flow’ 
conditions, stagnation temperatures were measured at different points the maximum 
receiver suface temperature was 61C. 
 
The fourth prototype (EHC) was fabricated in India, at Indian Institute of Technology, 
Chennai. This prototype was used for the outdoor testing in India. Based on this, the 
thermal performance of the medium temperature elliptical-hyperboloid solar collectors 
were presented. The stagnation test was carried out on the 1
st
 February 2013, from 
morning 08:30 to 17:30 hrs. Under this stagnation condition, maximum temperature of 
150C was reached. The outlet temperatures of the system on 2nd of February 2013 for 
the flow rate is 0.5 kg/min. The temperatures increased when the hour angle increases 
up to 13:00 hrs and then start to decrease. The maximum temperature recorded was 
approximately 90°C and occurred between 12:00 to 13:30 hrs, when the average solar 
radiation was 850 W/m
2
. As the flow rate increases, 0.5 kg/min to 1 kg/min, the 
maximum temperature of 68°C was recorded; this was recorded between 11:00 to 14:00 
hrs when the average solar radiation was 850 W/m
2. 
From the overall study, it is 
concluded that the present 3-D elliptical hyperboloid concentrator can very well be used 
for medium heat application. 
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7.2  Suggestion for Future Work 
7.2.1 Suggestion 1: 
While doing the outdoor experiments of EHC at IITM, Chennai India, it was observed 
that recorded temperature was less than the expected temperature; this is due to the 
losses of the EHC collector listed below: 
 Manufacturing defects: the area of the fabricated model of the EHC is 20% 
less than the optimum dimension.  
 Reflectivity: loss of reflectivity of the thin film due to air traps in the internal 
surface of the concentrator. 
 Variable wind movements: Due to wind movements, unwanted heat loss 
may affect the performance of the system during the testing. 
 External shading: External shading during the experiment may have reduced 
its performance.  
In order to avoid the deviations between expected temperature and observed 
temperature, a separate fluid modelling can be performed in the ANSYS package to 
predict the fluid outlet temperature for different flow conditions. 
7.2.2 Suggestion 2: 
It was very well noted, that the optical efficiency of a solar concentrator depends largely 
on the geometry of the concentrator profile. In the present thesis, elliptical hyperboloid 
concentrator (EHC) was analysed. In EHC, both the entrance and exit of the 
concentrator are elliptic profile is considered. Instead of elliptic profile, square shape 
profile can be adopted in the hyperboloid concentrator for performance improvement. 
The new geometric design can be named as square hyperboloid concentrator (SHSC). 
The geometry of the square hyperboloid concentrator is shown in figure 7.1. 
Preliminary analysis was carried out for 20× SHSC to check and predict the optical 
efficiency and acceptance angle. It was noted that the optical efficiency of 39% and 
maximum absorbed energy of 18,455 W/m
2
 were observed. The variation of the optical 
efficiency and absorbed energy with solar incidence angle are shown in figures 7.2 and 
7.3. The flux distribution of the SHSC is also given in figure 7.4. 
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Figure ‎7.1: Geoemtry of Square Hyperboloid Concentrator 
 
 
Figure ‎7.2: Variation of Optical Efficieny with Solar Incidence Angle 
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Figure ‎7.3: Varaiation of Absorbed Energy with Solar Incidence Angle 
 
 
Figure ‎7.4: Flux Distribution of the Square Hyperboloid Concentrator 
7.2.3 Suggestion 3: 
 A high reflective film can be used as a reflector in the EHC to improve the 
stagnation and fluid outlet temperature.  
 In the reciever coil, selecting coating can be used to transfer the heat effectively 
to the working fluid.  
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Appendix A 
 MATLAB Code for  2-D Ray Tracing Simulation of 2-D Hyperboloid 
Concentrator  
 
 clc; clear all; 
% Define Surface % 
a=100; 
b=80; 
c=((a^2)-(b^2))^0.5; 
lmda=(a^2)+1; 
mu=(a^2+c^2)/2; 
%g=100; 
x1=-500:500; 
Surf_y=((1-((x1.^2)/lmda)).*(mu-a^2)).^0.5; 
  
I=(Surf_y<0.01); 
Surf_y(I)=0; 
figure; 
plot(x1,abs(Surf_y),'k-','linewidth',[2]); 
hold on; 
I=(Surf_y==0); 
plot(x1(I), abs(Surf_y(I)),'k-','linewidth',[1]); hold on; 
plot( x1,abs(Surf_y),'k-'); 
set(gca, 'xlim', [-150 150], 'ylim', [0 880]); 
grid on; axis equal; 
hold on; 
Total_incoming_ray=0; 
Total_absorbing_R=0; 
% Define Ray(s) % 
alpha=(90*(3.1452/180)) ;     % Angle of Ray 
%alpha=89.9999; 
Ray_x=x1;   % X-Coordinate of Ray 
    n = 0; 
    counter =0;         
for C=-54430:1500:55086; 
    disp(' this how track value in C '); 
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    disp(C); 
   % pause     
     n=n+1; 
M=tan(alpha); 
  
%for n=21:1:2355        %nunmber of rays 
    Ray_y=M*Ray_x+C; 
    XR(1)=Ray_x(1); 
    YR(1)=Ray_y(1); 
  
    % Find Intersection between Surface & Ray % 
    [a Int_Loc]=(min((Ray_y-Surf_y).^2.^.5)); 
    
 if (Ray_y(Int_Loc)>Surf_y(Int_Loc)) && 
(Ray_y(Int_Loc+1)<Surf_y(Int_Loc+1))||(Ray_y(Int_Loc)<Surf_y(Int
_Loc))&& Ray_y(Int_Loc+1)>Surf_y(Int_Loc+1) 
mS=((Surf_y(Int_Loc+1)-(Surf_y(Int_Loc)))/((x1(Int_Loc+1))-
(x1(Int_Loc))));  %slope of surface 
         
cS=(Surf_y(Int_Loc))-(mS*x1(Int_Loc)); 
         
 mR=((Ray_y(Int_Loc+1)-(Ray_y(Int_Loc)))/((Ray_x(Int_Loc+1))-
Ray_x(Int_Loc)));  %slope of Ray 
        
 cR=(Ray_y(Int_Loc))-(mR*Ray_x(Int_Loc)); 
    else 
 mS=((Surf_y(Int_Loc-1)-(Surf_y(Int_Loc)))/((x1(Int_Loc-1))-
x1(Int_Loc)));  %slope of surface 
 
        cS=(Surf_y(Int_Loc))-(mS*x1(Int_Loc)); 
mR=((Ray_y(Int_Loc-1)-(Ray_y(Int_Loc)))/((Ray_x(Int_Loc-1))-
Ray_x(Int_Loc)));  %slope of Ray 
        
 cR=(Ray_y(Int_Loc))-(mR*Ray_x(Int_Loc)); 
   end 
        x_int=(cR-cS)/(mS-mR); 
        y_int=(mR*(x_int))+cR; 
     
    XR(2)=x_int; 
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    YR(2)=y_int;     
    if(abs(YR(2))<=0.1) 
       counter=counter+1;    
    plot((XR), YR, 'k-', 'markersize', 10, 'linewidth', 2) 
    clear XR YR 
    continue 
    end 
     
    SRayr_x=-500:500; 
  
    beta=atan(mS)-alpha; 
    Gamma=2*beta+alpha-pi; 
    MR=tan(Gamma); 
    SRayr_y =MR*((SRayr_x-x_int))+y_int; 
    SRayr_x=-500:500; 
    SRayr_y(Int_Loc)=10000; 
 [b Int_Loc]=min(((SRayr_y-Surf_y).^2).^0.5); 
    if (SRayr_y(Int_Loc)>Surf_y(Int_Loc)) && 
(SRayr_y(Int_Loc+1)<Surf_y(Int_Loc+1))||(SRayr_y(Int_Loc)<Surf_y
(Int_Loc))&& SRayr_y(Int_Loc+1)>Surf_y(Int_Loc+1) 
        mR1=((SRayr_y(Int_Loc+1)-
(SRayr_y(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR1=(SRayr_y(Int_Loc)-(mR1*SRayr_x(Int_Loc))); 
        mS1=((Surf_y(Int_Loc+1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x (Int_Loc)));  
%slope of surface 
        cS1=(Surf_y(Int_Loc)-(mS1*SRayr_x(Int_Loc)));      
    else 
        mR1=((SRayr_y(Int_Loc-1)-
(SRayr_y(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR1=(SRayr_y(Int_Loc)-(mR1*SRayr_x(Int_Loc))); 
        mS1=((Surf_y(Int_Loc-1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of surface 
        cS1=(Surf_y(Int_Loc)-(mS1*x1(Int_Loc))); 
    end 
        x_int1=(cR1-cS1)/(mS1-mR1); 
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        y_int1=(mR1*(x_int1)+cR1); 
    
    XR(3)=x_int1; 
    YR(3)=y_int1; 
     if(abs(YR(3))<=0.01) 
           counter=counter+1; 
        plot((XR), YR, 'y-', 'markersize', 10, 'linewidth', 2) 
        clear XR YR 
    continue 
     end 
  MR2=tan(-pi+2*(atan(mS1))-atan(mR1)); 
    SRayr_y(Int_Loc)=1000; 
    SRayr_x1=-500:500; 
    SRayr_y1 =MR2*((SRayr_x1-x_int1))+y_int1; 
    SRayr_y1(Int_Loc)=1000; 
  %  [f Int_Loc]=min(((SRayr_y1-Surf_y).^2).^0.5); 
    if (SRayr_y1(Int_Loc)>Surf_y(Int_Loc)) && 
(SRayr_y1(Int_Loc+1)<Surf_y(Int_Loc+1))||(SRayr_y1(Int_Loc)<SRay
r_y1(Int_Loc))&& (SRayr_y1(Int_Loc+1)>Surf_y(Int_Loc+1)) 
  
        mS2=((Surf_y(Int_Loc+1)-
(Surf_y(Int_Loc)))/((SRayr_x1(Int_Loc+1))-SRayr_x1 (Int_Loc)));  
%slope of surface 
        cS2=(Surf_y(Int_Loc))-(mS2*SRayr_x1(Int_Loc)); 
        mR2=((SRayr_y1(Int_Loc+1)-
(SRayr_y1(Int_Loc)))/((SRayr_x1(Int_Loc+1))-SRayr_x1(Int_Loc)));  
%slope of Ray 
        cR2=(SRayr_y1(Int_Loc))-(mR2*SRayr_x1(Int_Loc));    
    else 
        mS2=((Surf_y(Int_Loc-1)-
(Surf_y(Int_Loc)))/((SRayr_x1(Int_Loc-1))-SRayr_x1(Int_Loc)));  
%slope of surface 
        cS2=(Surf_y(Int_Loc))-(mS2*SRayr_x1(Int_Loc)); 
       
        mR2=((SRayr_y1(Int_Loc-1)-
(SRayr_y1(Int_Loc)))/((SRayr_x1(Int_Loc-1))-SRayr_x1(Int_Loc)));  
%slope of Ray 
        cR2=(SRayr_y1(Int_Loc))-(mR2*SRayr_x1(Int_Loc));  
    end 
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        x_int3=(cR2-cS2)/(mS2-mR2); 
        y_int3=(mR2*(x_int3))+cR2; 
         
        XR(4)=x_int3; 
        YR(4)=y_int3;  
        if(abs(YR(4))<=0.01) 
             counter=counter+1;  
        plot((XR), YR, 'k-', 'markersize', 10, 'linewidth', 2) 
        clear XR YR 
    continue 
        end 
        
     SRayr_x=-500:500; 
      Surf_y=Surf_y; 
    MR5=tan(-pi+2*(atan(mS2))-atan(mR2)); 
    
    SRay_y5 =MR5*((SRayr_x-x_int3))+y_int3; 
    SRayr_x=-500:500; 
    SRay_y5(Int_Loc)=1000; 
   % [k Int_Loc]=min(((SRay_y5-Surf_y).^2).^0.5); 
      if (SRay_y5(Int_Loc)>Surf_y(Int_Loc)) && 
(SRay_y5(Int_Loc+1)<Surf_y(Int_Loc+1))||(SRay_y5(Int_Loc)<SRay_y
5(Int_Loc))&& (SRayr_y5(Int_Loc+1)>Surf_y(Int_Loc+1)) 
  
        mR5=((SRay_y5(Int_Loc+1)-
(SRay_y5(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR5=(SRay_y5(Int_Loc)-(mR5*SRayr_x(Int_Loc))); 
        mS5=((Surf_y(Int_Loc+1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x (Int_Loc)));  
%slope of surface 
        cS5=(Surf_y(Int_Loc)-(mS5*SRayr_x(Int_Loc)));      
    else 
        mR5=((SRay_y5(Int_Loc-1)-
(SRay_y5(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR5=(SRay_y5(Int_Loc)-(mR5*SRayr_x(Int_Loc))); 
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        mS5=((Surf_y(Int_Loc-1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of surface 
        cS5=(Surf_y(Int_Loc)-(mS5*SRayr_x(Int_Loc))); 
    end 
        x_int5=(cR5-cS5)/(mS5-mR5); 
        y_int5=(mR5*(x_int5)+cR5); 
    
        XR(5)=x_int5; 
        YR(5)=y_int5;  
       % plot( XR, YR, 'g-x', 'markersize', 10, 'linewidth', 2); 
       %clear XR YR 
      if(abs(YR(5))<=0.01) 
 plot( XR, YR, 'g-', 'markersize', 10, 'linewidth', 2); 
   counter=counter+1; 
    clear XR YR 
    continue 
      end 
  
        
      SRayr_x=-500:500; 
      Surf_y=Surf_y; 
    MR6=tan(-pi+2*(atan(mS5))-atan(mR5));     
    SRay_y6 =MR6*((SRayr_x-x_int5))+y_int5; 
    SRayr_x=-500:500; 
    SRay_y6(Int_Loc)=1000; 
    [z Int_Loc]=min(((SRay_y6-Surf_y).^2).^0.5); 
      if (SRay_y6(Int_Loc)>Surf_y(Int_Loc)) && 
(SRay_y6(Int_Loc+1)<Surf_y(Int_Loc+1))||(SRay_y6(Int_Loc)<SRay_y
6(Int_Loc))&& (SRayr_y6(Int_Loc+1)>Surf_y(Int_Loc+1)) 
  
        mR6=((SRay_y6(Int_Loc+1)-
(SRay_y6(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR6=(SRay_y6(Int_Loc)-(mR6*SRayr_x(Int_Loc))); 
        mS6=((Surf_y(Int_Loc+1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x (Int_Loc)));  
%slope of surface 
        cS6=(Surf_y(Int_Loc)-(mS6*SRayr_x(Int_Loc)));      
 167 
    else 
        mR6=((SRay_y6(Int_Loc-1)-
(SRay_y6(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR6=(SRay_y6(Int_Loc)-(mR6*SRayr_x(Int_Loc))); 
        mS6=((Surf_y(Int_Loc-1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of surface 
        cS6=(Surf_y(Int_Loc)-(mS6*SRayr_x(Int_Loc))); 
    end 
        x_int6=(cR6-cS6)/(mS6-mR6); 
        y_int6=(mR6*(x_int6)+cR6); 
    
        XR(6)=x_int6; 
        YR(6)=y_int6;  
% plot( XR, YR, 'g-x', 'markersize', 10, 'linewidth', 2); 
       %clear XR YR 
      if(abs(YR(6))<=0.01) 
 plot( XR, YR, 'g-', 'markersize', 10, 'linewidth', 2); 
    clear XR YR 
    counter=counter+1; 
         
    continue 
    end 
        
    plot(XR, YR, 'r-', 'markersize', 10, 'linewidth', 2)   
   clear XR YR 
      SRayr_x=-1000:1000; 
      Surf_y=Surf_y; 
    MR7=tan(-pi+2*(atan(mS6))-atan(mR6)); 
%     
    SRay_y7 =-MR7*((SRayr_x-x_int6))+y_int6; 
    SRayr_x=-500:500; 
    SRay_y7(Int_Loc)=100; 
 [l Int_Loc]=min(((SRay_y7-Surf_y).^2).^0.5); 
 if (SRay_y7(Int_Loc)>Surf_y(Int_Loc)) && 
(SRay_y7(Int_Loc+1)<Surf_y(Int_Loc+1))||(SRay_y7(Int_Loc)<SRay_y
7(Int_Loc))&& (SRayr_y7(Int_Loc+1)>Surf_y(Int_Loc+1)) 
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  mR7=((SRay_y7(Int_Loc+1)-
(SRay_y7(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR7=(SRay_y7(Int_Loc)-(mR7*SRayr_x(Int_Loc))); 
        mS7=((Surf_y(Int_Loc+1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc+1))-SRayr_x (Int_Loc)));  
%slope of surface 
 cS7=(Surf_y(Int_Loc)-(mS7*SRayr_x(Int_Loc)));      
    else 
        mR7=((SRay_y7(Int_Loc-1)-
(SRay_y7(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of Ray 
        cR7=(SRay_y7(Int_Loc)-(mR7*SRayr_x(Int_Loc))); 
        mS7=((Surf_y(Int_Loc-1)-
(Surf_y(Int_Loc)))/((SRayr_x(Int_Loc-1))-SRayr_x(Int_Loc)));  
%slope of surface 
        cS7=(Surf_y(Int_Loc)-(mS7*SRayr_x(Int_Loc))); 
    end 
        x_int7=(cR7-cS7)/(mS7-mR7); 
        y_int7=(mR7*(x_int7)+cR7); 
    
        XR(7)=x_int7; 
        YR(7)=y_int7;                                                                   
      % plot( XR, YR, 'g-x', 'markersize', 10, 'linewidth', 2); 
       clear XR YR 
     % if(abs(YR(7))<=0.01) 
 %plot( XR, YR, 'r-', 'markersize', 10, 'linewidth', 1); 
    clear XR YR 
  
    continue 
       
end 
  
         Total_incoming_ray=Total_incoming_ray+n 
        Total_absorbing_R=Total_absorbing_R+ counter 
        optical_eff=Total_absorbing_R/Total_incoming_ray 
        concentration_ratio=((x1(end)-(x1(1)))^2/(2*a)^2); 
     disp(['Concentration 
Ratio=',num2str(concentration_ratio)]); 
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 MATLAB code for 3-D Ellptical Hyperboliod Concentrator 
close all; clear all; clc; 
  
a=200; 
b=120; 
c=((a^2)-(b^2))^0.5; 
lmda=(a^2)+1; 
mu=(a^2+c^2)/2; 
  
X=[-1000:1000]; 
Y=[-500:500]; 
  
indx=0; 
for x=X 
    indx=indx+1; 
    indy=0; 
    for y=Y 
        indy=indy+1; 
        num=((1-((x^2)/lmda)-((y^2)/(mu-c^2)))*(mu-a^2))^0.5; 
        if isreal(num)==1 
         
        Z(indx, indy)=num; 
        
        else 
            Z(indx, indy)=0; 
     
     end 
        end 
end 
    I=find(Z>min(Z(1,:))); 
   Z(I)=nan; 
   
surf(Y,X,Z); shading interp; axis equal 
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Appendix B  
 
